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Abstract: Cortinarius sinensis is deeply loved by people in northwest China for its taste and nutrition,
but its wild resources decline due to over - picking, climate change, and trade demands. First, this
study used the MaxEnt model to predict its suitable habitats. Results show that currently, the optimal
and highly suitable habitats are around the Helan and Qilian Mountains. Future climate will keep
the distribution trend but reduce the area. Then the nutritional components of the fruitbodies
collected from the Qilian Mountains and the Helan Mountains, the two main producing areas of C.
sinensis, were measured. It was found that C. sinensis from the Helan Mountains has higher protein,
fat, and crude - fiber contents but lower free - amino - acid content than those from the Qilian
Mountains, leading to flavor differences. The research results can not only provide a theoretical basis
for the establishment of protected areas and in - situ conservation of C. sinensis, but also suggest that
when formulating conservation strategies, we should combine regional dietary preferences on the
basis of current conservation biology to develop comprehensive conservation strategies.

Keywords: cortinarius sinensis; climate change; maxent model; forest foods; edible ectomycorrhizal
mushroom; conservation strategy

1. Introduction

Cortinarius sinensis L.H. Sun, T.Z. Wei & Y.J. Yao, which has been revised to Calonarius sinensis
[1], is a well-known edible mushroom endemic in China. This famous mushroom is known as the
"Helan Mountain Treasure" because of its large individuals, thick flesh, mellow taste, and rich
nutrition. It is also a special gift given by local people to guests [2]. This wild edible mushroom has a
local name “Helan Mountain Zimogu” because of its purplish brown color in the Alashan League
area of Inner Mongolia Autonomous Region, which indicated the long consume history of this
mushroom and favorited by local people.

C. sinensis is the most popular edible mushroom in local regions, its price is becoming expensive
because the wild resources have been decreasing. Many reasons resulted in the decline of its wild
resources, firstly, C. sinensis is an ectomycorrhizal fungus which form symbiosis with Picea crassifolia
Kom. [3], it has not been successfully domesticated and cultivated so far; secondly, driven by
economic interests, many local people and people from other places illegally enterred into Helan
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Mountain National Reserve during the fruting season to hunt the fruitbodies, C. sinensis hunters even
lived in simple tent hiding in dangerous steeps for few days, which resulted in the excessive collection
of C. sinensis wild resources ; thirdly, C. sinensis hunters collected all sizes of fruitbodies including
unmatured fruitbodies with unreleased spores, which resulted in the completely lost of the
opportunity to reproduce, and the output declines year by year; fourthly, the moss layer which is rich
under P. crassifolia forest has been destroyed in big areas, resulting in the loss of humus and physical
protection for the fruiting of C. sinensis, in the continuous destruction of the ecological environment
on which C. sinensis depends; last but not least, climate change is playing the important role in the
decline of C. sinensis production, such as the less precipitation in winter and in spring, after many
efforts only few fruitbody samples have been collected during the last two years (personal
communication with local forest rangers of Helan Mountain National Reserve).

At present, C. sinensis have not been artificially cultivated, and wild resources alone are far from
meeting the market demand. In the Alashan League area of Inner Mongolia Autonomous Region,
there are many “Zimogu” noodle restaurants, which are popular in locals and tourists and run year-
round, which means a large number of “Zimogu” are needed and stored during fruiting season, C.
sinensis therefore from other distributed regions, such as Qilian Mountain of Qinghai Province and
Gansu Province have been sold to the local markets of the Alashan League area of Inner Mongolia
Autonomous Region. It is interesting that the fresh fruitbodies of C. sinensis from Helan Mountain
and Qilian Mountain have large price differences, Helan Mountain Zimogu is three to six times more
expensive than C. sinensis from Qilian Mountain, which resulted in the trade fraud in the local
markets. C. sinensis hunters from Qilian Mountain transported the fresh fruitbodies overnight to the
local market of Helan Mountain in Inner Mongolia, the traders sold them as Helan Mountain Zimogu.
It is said by the local consumers from Inner Mongolia that Helan Mountain Zimogu tastes much
better than C. sinensis from Qilian Mountain, there is yet no scientific data to prove this issue.

Determining the potential geographic distribution of one species and predicting how climate
change would affect its geographic range are necessary and meaningful. The maximum entropy
(MaxEnt) model has been widely applied in conservation biology, impact of global climate change
on species distribution, and progress chemical biology and other fields [4]. The protection and
sustainable utilization of some edible mushrooms in China, including three in four macrofungi which
were officially listed as key protected species by the State Council In July 2021, such as Tricholoma
matsutake [5], Leucocalocybe mongolica [6], and Ophiocordyceps sinensis [7], have been studied using
MaxEnt model, which can be used as references for studies on other mushroom species. In this study,
we study the potential geographic distribution of C. sinensis and predict how climate change would
affect its geographic range using MaxEnt model, and make its conservation strategies combing the
nutrition contents and tast.

2. Materials and Methods
2.1. Maxent Model

2.1.1. Geographic Distribution Data

The geographical distribution data of C. sinensis was obtained from the published literature [8].

2.1.2. Climatic Data

Contemporary climate data are based on climate data from 1970 to 2000, including 19 bioclimatic
variables and elevation [9]. The bioclimatic variables and corresponding elevation data[9] with a
spatial resolution of 5 arc minutes (ca. 10 km) were downloaded from the WorldClim database
(http://www.worldclim.org/) and used to map the potential distributions and identify the key
variables. The future climate variables from 2021-2040 (2030s), 2041-2060 (2050s) and 2061-2080
(2070s) are selected. Future climate variables for the three periods were selected from the BCC-CSM2-
MR model, which is capable of reasonably simulating regional climate change trends in China [10].
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This model can reflect the global energy balance, accurately reflect the complexity of regional climate
change in China, and have high simulation accuracy for factors such as atmospheric temperature and
precipitation [11]. Future period data are projected using the four most recent IPCC SSPs (SSP1-2.6,
SSP2-4.5, SSP3-7.0 and SSP5-8.5), which represent future climate scenarios with low to high carbon
emissions, respectively [12]. Future climate data using SDM Toolbox converted to the ASCII raster
grid format in ArcGIS for MaxEnt modeling.

2.1.3. Species Distribution Modeling and Validation

The selected species geographic distribution data and climatic data were entered into the
MaxEnt 3.4.4 to model the current and future potential habitats of C. sinensis for MaxEnt modeling.
The model parameters were set as follows: (1) 75 % of the geographical distribution data were
randomly selected as training data, and the remaining 25 % were used as testing data (Pra-manik et
al., 2021); (2) the prediction results of the model were measured by the Receiver Operating
Characteristic curve (ROC), and the Area Under Curve (AUC) was calculated to improve the accuracy
[13]; it is generally believed that an AUC value between 0.5 and 0.7 indicates a relatively low
prediction accuracy of the model; a value between 0.7 and 0.9 represents a medium level of accuracy;
and a value greater than 0.9 implies a high level of accuracy [14,15]; and the jackknife test was used
to measure the contribution and importance of environmental factors to species potential distribution
[16]; (3)cross-validation was set in the replicated run type, and the model was set to run 10 times [17];
(4) the Cloglog transform as a continuous index of habitat suitability was selected as the output
format [18], which provides predicted probabilities of presence between 0 and 1; (5) other parameters
were set by default. Finally, the average result of the 10 cross-validation model runs was taken as the
ultimate habitat suitability.

2.1.4. Classification and Area Statistics of Suitable Habitats

The average value of Maxent model after 10 times running (.asc format) was selected and loaded
to ArcGIS. Then, the reclassify tool was used to divide the suitable habitats of C. sinensis with natural
breaks method, and the suitable habitats of C. sinensis were divided into 5 grades: non, low, medium,
high and the most suitable habitats. And calculate the area of suitable habitats for each grade.

2.1.5. Suitable Habitats Migration and Centroid Migration

Meanwhile, in order to clarify the trend of changes in the spatial pattern of suitable habitat under
current and future climate scenarios, the Intersect tool in Overlay in Analysis tool was used to analyze
the spatial changes of suitable habitat, including unchanged habitat, expansion and contraction.

The suitable habitats under future climate conditions were reclassified and calculated using the
mean center tool in ArcGIS toolbox to get the center of the suitable habitats under this climate
condition. Using Merge tool of Geoprocessing, the changes of the centroid of the potential suitable
habitat of C. sinensis under different climate conditions in the future were obtained compared with
the current period, so as to reflect the impact of future climate change on the distribution of the habitat
of C. sinensis.

2.2. Nutrition Ingredient Analysis

2.2.1. Sample Collection

The fruitbodies of C. sinensis from Qilian Mountain National Nature Reserve and Helan
Mountain National Nature Reserve were collected in August 2023 and identified by the Laboratory
of Microbial Resources and Synthetic Biology of the College of Life Sciences, Inner Mongolia
University.

The fruitbodies collected from Qilian Mountain was named Q, and its samples were Q1, Q2 and
Q3 respectively. The fruitbodies collected from Helan Mountain was named H, and its samples were
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H1, H2 and H3, respectively. All fruitbodies were dried in an oven at 70°C for 2 hours, then grinded,
and filtered through a screen with a diameter of 0.5mm.

Table 1. The detecting methods of nutrients indexes.

Nutrients index Methods
. GB 5009.5-2016 The National Standard for Food Safety —the detection
Protein o
of protein in food
Fat GB 5009.6-2016 The National Standard for Food Safety —the detection

of fat in food
Crude fiber ~ GB/T 5009.10-2003 The determination of crude fiber in vegetable foods
GB 5009.124-2016 The National Standard for Food Safety —the detection

Amino acid . g
of amino acid in food

2.2.2. Detecting Methods

The relevant nutritional indexes of wild edible fungi were determined according to the national
standard method with three replication(Table 1). The protein content was determined in accordance
with GB 5009.5 - 2016 National Food Safety Standard - Determination of Protein in Foods. The fat
content was determined in accordance with GB 5009.6 - 2016 National Food Safety Standard -
Determination of Crude Fat in Foods. The Crude fiber content was determined in accordance with
GB/T 5009.10-2003 determination of crude fiber in vegetable foods. The amino acid content was
determined in accordance with GB 5009.124 - 2016 National Food Safety Standard - Determination of
Amino Acids in Foods.

2.2.3. Amino Acid Determination Index

The Taste Activity Value (TAV) is the ratio of the amount of each tasting substance in a sample
to its corresponding Taste Threshold [19]. It is generally believed that when TAV is greater than 1,
this flavor substance has a significant effect on the taste of the sample. And the larger the value, the
greater the contribution. On the contrary, when the ratio is less than 1, it indicates that the taste
substance has little contribution to the taste, and the taste effect is not significant. TAV is widely used
in the study of various food flavors [20].

2.3. Data Analysis

The data (dried weight) was analyzed using SPSS, with independent samples t-test conducted.
The results of the significance analysis were processed using the Bioinfo Intelligent
Cloud(https://www.bic.ac.cn/BIC/#/).

3. Results
3.1. MaxEnt Modeling

3.1.1. Model Performance Optimization and Calculation

The lambdas files described all the predictor variables for Maxent models of C. sinensis
(Appendix S1). The models for C. sinensis performed excellently, yielding high training and test AUC
values, and mean AUC by 10-crossvalidation replicates. The mean AUC value of the ROC curve of
the 10-crossvalidation replicates running training set was 0.963, and the AUC value was close to 1
(Figure 1A). The standard deviation is 0.061. The above results show that MaxEnt model has excellent
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prediction results and high reliability.
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Figure 1. (A) ROC curve of the prediction results for the suitable habitats of C. sinensis. (B) Jackknife evaluation

of environmental variables affecting the suitable habitats of C. sinensis.

3.1.2. Main Environmental Variables and Response Curves

The geographical distribution of C. sinensis is affected by many environmental factors.
Percentage contribution of environmental factors refers to the contribution of environmental factors
to the geographical distribution of species when Maxent model analyzing the action scale of
environmental variables and the interaction between environmental variables. The Permutation
importance of an environmental factor indicates the degree of dependence of the model on the
environmental factor in the prediction process, and the higher the score, the greater the contribution
of the factor to the species distribution.

In the MaxEnt model, the Jackknife test showed that precipitation of driest quarter had the
highest gain, followed by precipitation of coldest quarter and precipitation of driest month when
only a single variable has been selected (Figure 1B). The main environmental variables affecting the
distribution of C. sinensis are precipitation in driest month, elevation and average annual
precipitation according to the assessment of percent contribution of various environmental variables
to the distribution of C. sinensis (Table 2). Among them, precipitation of driest month and elevation
had great influence on the distribution of C. sinensis, contributing 35.9% and 34.3%, annual
precipitation contributed 13.7%. According to the evaluation of Permutation importance of various
environmental variables affecting the distribution of C. sinensis, precipitation of coldest quarter and
annual precipitation, and precipitation of coldest quarter reached an exaggerated 66.7%. Combining
Jackknife test, Percent contribution and Permutation importance, it was concluded that precipitation
of coldest quarter, precipitation of driest month, elevation, precipitation of driest quarter and annual
precipitation were the main factors affecting the potential suitable distribution of C. sinensis. Based
on the MaxEnt model, the response curves of five leading environmental variables to C. sinensis were
obtained (Figure 2). It was concluded that when precipitation of coldest quarter reached 5.238mm,
precipitation of driest month reached 1.059mm, elevation reached 2636m, precipitation of driest
quarter reached 5.120mm, and annual precipitation reached 342.6mm, the existence probability of C.
sinensis is high, which is suitable for the distribution of C. sinensis.

Table 2. Percent contribution and Permutation importance of 20 environmental variables affecting suitable areas

of C. sinensis.

Variables Description Pel.'cenf Ifermutatlon
contribution importance
Biol4 Precipitation of driest month 35.9 8.1
Elevation 34.3 5
Biol2 Annual precipitation 13.7 12.7
Biol8 Precipitation of warmest quarter 5 13
Biol7 Precipitation of driest quarter 3.6 1.9

Bio19 Precipitation of coldest quarter 3 66.7
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Bio4 Temperature seasonality 1.5 1.4
Bio2 Mean diurnal range 1.5 0.5
Bio6 Min. temperature of coldest month 0.6 0
Bio3 Isothermality 0.2 0.5
Bioll Mean temperature of coldest quarter 0.2 0.1
Biol5 Precipitation seasonality 0.1 0.2
Bio9 Mean temperature of driest quarter 0.1 0.5
Biol Annual mean temperature 0.1 1
Bio7 Temperature annual range 0 0
Biol6 Precipitation of wettest quarter 0 0
Bio8 Mean temperature of wettest quarter 0 0
Biol3 Precipitation of wettest month 0 0
Biol0 Mean temperature of warmest quarter 0 0
Bio5 Max. temperature of warmest month 0 0
Bio19 (Precipitation of coldest quarter, mm ) . Bio14 (Precipitation of driest month, mm ) Elevation (m)

Bio17 (Precipitation of driest quarter, mm ) Biol2 (Annual precipitation, mm )

0s

08

05

05

Probability of presence
Probability of presence

] 10 20 30 40 s0 o0 700 600 0 50 1000 1500 2000 2500 3000 3500 4000 4500

Figure 2. Response curves of five main environmental variables to C. sinensis.

3.1.3. Distribution and Area of Suitable Habitats

The predicted potential geographical distribution showed that the most suitable habitats for the
growth of C. sinensis mainly concentrated in the Helan Mountains and Qilian Mountains, and
distributed in the eastern part of Qinghai, the central part of Gansu, the central part of Ningxia, and
the border of Inner Mongolia and Ningxia. In addition, western Sichuan, parts of Xinjiang and Tibet
also appeared to be suitable habitats for C. sinensis (Figure 3).

Based on the probability of presence indicated with P, combing with the actual distribution of
C. sinensis, the potential suitable habitats were divided into the following four

grades: the non-suitable habitats (0.00<P<0.06), the area not suitable for the growth of C. sinensis; the
low suitable habitats (0.06<P<0.21), may be the existence of C. sinensis in this area; the middle suitable
habitats (0.21<P<0.45), C. sinensis could grow in this area, but the growth condition was not good; the
high suitable habitats (0.45<P<0.74), the area was highly suitable for the growth of C. sinensis; most
suitable habitats (0.74<P<1), the most suitable habitats for the growth of C. sinensis. The total areas of
the high suitable habitats and the most suitable habitats were about 320,000 square kilometers.
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Figure 3. This Potential Geographical Distribution Areas of C. sinensis in China.

3.1.4. Predicted Distribution of Suitable Habitats under Future Climate Conditions

Under the future climate conditions, the distribution of the suitable areas of C. sinensis is similar
to that of current (Figure 4A), mainly distributed in eastern Qinghai, central Gansu, Ningxia and
western Sichuan. There was no significant change in the area of suitable habitats under different
climate scenarios (Figure 4B). The area of the suitable habitat in the SSP1-2.6 scenario was larger than
that in the current scenario, and gradually increased from 2030s to 2070s, it had little change in SSP2-
4.5 scenario compared with the current, it decreased gradually from 2030s to 2070s under the SSP3-
7.0 and SSP5-8.5. Compared with the current, most of the future high and most suitable areas (P>0.45)
overlapped with the present (Figure 5A), and there is no obvious expansion. The contracted areas
were mainly in central Inner Mongolia, central and eastern Shanxi, southwestern Qinghai, southern
Gansu and southwestern Tibet. In each of the four climate scenarios (SSP1-2.6, SSP2-4.5, SSP3-7.0,
SSP5-8.5), each phase (2030s, 2050s, 2070s), the area of contraction exceeds 150,000 square kilometers.
Under the SSP3-7.0 scenario, the shrinkage area of 2070s is the largest, with 189,100 square kilometers.
The expansion area is concentrated in about 10,000 square kilometers. Under the SSP5-8.5 scenario,
the 2050s will have the largest expansion area of 16,400 square kilometers.

Fig.5B showed the current centroid of the suitable habitat and the future migration of the
centroid of the suitable habitat. At present and in the future, the centroid of the suitable habitat is
concentrated at the junction of Hainan Tibetan Autonomous Prefecture and Haibei Tibetan
Autonomous Prefecture. In the SSP5-8.5 scenario, the centroid migrates to the west of the current
center of mass during the 2070s. In the remaining scenarios, they are located east of the current
centroid.
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Figure 4. Distribution and area of suitable habitats of C. sinensis under different climate conditions in different
periods. (A) Shows the distribution of suitable habitats of C. sinensis under the climate conditions of SSP1 - 2.6,
SSP2 - 3.5, SSP3 - 7.0 and SSP5 - 8.5 from the 2030s to the 2070s. (B) Shows the areas of different - grade suitable

habitats under different climate conditions in different periods.
3.2. Contents of Nutrition

3.2.1. Main Nutrients

After testing, the protein content of C. sinensis in Helan Mountain and Qilian Mountain was 27.96
and 23.59 g/100g (dry weight), respectively, with significant difference (p < 0.05) (Figure 6A). The fat
content of the fruitbodies in the two regions was 3.75% and 3.05% (dry weight), respectively, with
significant difference (p < 0.05) (Figure 6B). The crude fiber content of the fruitbodies in the two
regions was 17.633 and 10.60 g/100g (dry weight), respectively, with significant difference (p < 0.05)
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(Figure 6C). The content of the above three nutrients was higher in the fruitbodies of Helan Mountain.
The protein content of the fruitbodies in both regions exceeded 20%, and the content in the fruitbodies
of Helan Mountain was close to 30%. The fat content of the fruitbodies in both regions was less than
5%. The crude fiber content of the fruitbodies in both regions was higher than 10%, and the content
in the fruitbodies of Helan Mountain was close to 20%. In terms of the content of the above three
nutrients, the fruitbodies of C. sinensis in Helan Mountain are relatively more nutritious.

A Current-2030s Current-2050s Current-2070s
SSP1-26 0, TET ST i g

-

SSP2-4.5 v

SSP3-7.0 i, S

SSP5-8.5 s ‘"‘ifr;v’ 3 D s "**._fsi“"
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py High: 6860

.l.ow: 1650

SSP1-2.6_2030s
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SSP1-2.6_2070s
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> > EEM

SSP5-8.5_2070s

Figure 5. (A). Demonstrates the contraction and expansion trends of the suitable habitats of C. sinensis under the
climate conditions of SSP1 - 2.6, SSP2 - 3.5, SSP3 - 7.0, and SSP5 - 8.5 from the 2030s to the 2070s compared with
the contemporary period. (B) Shows the change trajectories of the centroid of the suitable habitats of C. sinensis

under different climate conditions in different periods.
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3.2.2. Free Amino Acid Content and the Effect on Taste

The results of amino acid determination showed that the total free amino acids of C. sinensis
from Helan Mountain and Qilian Mountain were significantly different (Figure 6D). The free amino
acids of C. sinensis from Qilian Mountain was significantly higher than that from Helan Mountain.
The content, taste threshold, taste attribute and TAV of

free amino acids were shown in Table 3. Glu, Thr and Arg were the three amino acids with the
highest content, accounting for more than 60% of the total free amino acid content. The difference
was that the TAV value of glutamic acid of C. sinensis from Helan Mountain reached 18.90, which
had a significant effect on the flavor taste of fruitbodies. The Glu and Arg values of C. sinensis from
Qilian Mountain were 14.80 and 14.52, respectively, which had significant effects on the flavor and
bitter taste of fruitbodies. In addition, the TAV values of His, Val and Lys, which are bad taste amino
acids, were higher in C. sinensis from Qilian Mountain than in that from Helan Mountain.
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Figure 6. Significance analysis of nutritional components of C. sinensis collected from Helan Mountain and Qilian
Mountain. (A) The significance analysis of protein content. (B) The significance analysis of fat content. (C) The

significance analysis of crude fiber content. (D) The significance analysis of free amino acid content.

Table 3. The content, taste attribute, taste threshold and TAV of free amino acids in C. sinensis.

Amino Acid TaStZ:gl};ifr old C(;_rlllt\znt (mgi[) HMTAV oM Taste Attribute
Asp 1 - 0.13 - 0.13 Flavor/Sour (+)
Glu 0.3 5.67 444 1890  14.80 Flavor/Sour (+)
Ser 1.5 1.88 2.09 1.25 1.39 Sweet (+)
Gly 1.3 0.4 0.46 0.31 0.35 Sweet (+)
Thr 2.6 5.02 6.47 1.93 2.49 Sweet (+)
Ala 0.6 2.31 2.85 3.85 4.75 Sweet (+)
His 0.2 0.79 0.85 3.95 425 Bitter (-)

Ile 0.9 0.3 0.35 0.33 0.39 Bitter (-)
Leu 1.9 0.51 0.36 0.27 0.19 Bitter (-)
Phe 0.9 0.46 0.42 0.51 0.47 Bitter (-)
Arg 0.5 2.83 7.26 5.66 14.52 Bitter/Sweet (+)
Val 0.4 0.99 1.25 248 3.13 Sweet/Bitter (-)
Lys 0.5 0.56 0.74 1.12 1.48 Sweet/Bitter (-)

7

*“ +” means pleasant to taste. means bad taste.
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4. Discussion

4.1. MaxEnt Modeling

In recent years, the MaxEnt model has been increasingly applied in studies such as predicting
the potential distribution and adaptability evaluation of rare and endangered species. The analysis
of suitable habitat prediction can provide information for exploring the distribution of wild resources
of C. sinensis, and offer a reference for demarcating nature reserves for in - situ protection of C. sinensis
and protecting its wild resources. The MaxEnt model performed excellently in predicting the suitable
habitats of C. sinensis. The average AUC value of the ROC curve for the training set in 10-fold cross-
validation was 0.963, with a standard deviation of 0.061. This result indicates that the model has a
good fit to the data and a high prediction accuracy. Consistent with numerous published related
studies, the MaxEnt model also achieved high AUC values in predicting the distributions of fungi
such as Phellinus spp. [21] and Tricholoma matsutake [5], further confirming its effectiveness and
applicability in fungal species distribution research. This model can integrate multiple environmental
variables and simulate the relationships between species and the environment through complex
algorithms, providing a scientific and reliable technical means for studying the potential distribution
of C. sinensis.

4.2. Main Environmental Variables

Comprehensively considering factors such as Jackknife test, Percent contribution, and
Permutation importance, the results show that precipitation has a significant impact on the potential
suitable distribution of C. sinensis. Our model prediction is consistent with the result by Hu et al.
[22]that the occurrence of C. sinensis is closely related to the rainfall in forest areas. As an
ectomycorrhizal fungus, the growth of C. sinensis is not only related to environmental factors but also
closely related to host plants, which is significantly different from saprophytic fungi [23]. Field
surveys have shown that C. sinensis grows in forests of the genera Picea and Larix [24], especially in
Picea crassifolia forests. This study reports that C. sinensis mainly grows at an altitude of approximately
2,636 m. This is also consistent with the altitude of Picea crassifolia distribution in Helan Mountain
and Qilian Mountain, the main producing areas of C. sinensis [25,26], further testifying to the accuracy
and scientific nature of the MaxEnt model prediction results.

The physiological and ecological characteristics of C. sinensis itself also affect its distribution. Its
growth has specific requirements for host trees, soil conditions, etc., which limit its survival and
reproduction in certain areas. In research and conservation work, it is necessary to comprehensively
consider these characteristics to develop more effective conservation measures.

In addition to environmental factors, human interference is also an important factor affecting
the distribution of C. sinensis. Fruitbody hunting of unmatured C. sinensis results in reducing the
resource of C. sinensis. At the same time, the picking process seriously damages the moss under the
Picea forest, affecting the nutrient structure of the humus layer under the forest and also having a
certain impact on the growth of C. sinensis [22].

4.3. Distribution and Suitable Habitat Areas

The MaxEnt model prediction shows that the optimal suitable habitats of C. sinensis are mainly
concentrated in the Helan Mountain, Qilian Mountain, and other places, including eastern Qinghai,
central Gansu, and other regions. There are records of the natural distribution of C. sinensis in these
areas, which is consistent with the results of the optimal suitable habitats predicted in this study. The
optimal suitable habitats of C. sinensis also appear in Xinjiang (Bayingolin Mongol Autonomous
Prefecture and Turpan City), Tibet(the Xigaze area) , and other places where there are no natural
distribution records, needs more researches in those areas. Based on the probability of presence,
the suitable habitats are divided into different grades, the total areas of highly suitable and optimal
suitable habitats is approximately 320,000 square kilometers under the current climate background.
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Under future climate scenarios, although the overall distribution pattern of C. sinensis is similar
to the current one, the area will change. The area increases under the SSP1 - 2.6 scenario, while it may
increase or decrease under other scenarios compared with the current climate conditions. Under
future climate conditions, the contraction area of suitable habitats generally exceeds 150,000 square
kilometers, and the expansion area is concentrated and small. The research of Rong et al. [27] on the
suitable area of Picea crassifolia shows that under future climate scenarios, the suitable area of Picea
crassifolia forest is gradually decreasing. This is consistent with our predicted trend. Although the
future climate scenarios we choose are different, this is consistent with the negative impact of global
warming on the species distribution range. The centroid of the suitable habitats migrates under
different scenarios. As an ectomycorrhizal fungus, the growth of C. sinensis is closely related to its
host. Therefore, when predicting the suitable habitats of C. sinensis under future climate conditions,
it is possible to predict the future distribution of its host, such as Picea crassifolia, and combine the two
for a comprehensive analysis of the suitable habitats.

4.4. Nutritional Components

The nutritional composition of fruitbodies determines their utilization value (Analysis of
Nutritional and Functional Components and Antioxidant Activities of Fruitbodies of Seven Edible
and Medicinal Fungi). Fruitbodies of C. sinensis from both study areas are characterized by high
protein, low fat, and high crude fiber. These characteristics endow C. sinensis with healthy advantages
such as high nutritional value, being less likely to cause weight gain, and being beneficial for
digestion. The protein content of C. sinensis from both areas exceeds 20%, with that from Helan
Mountain approaching 30%; the fat content is less than 5%; and the crude fiber content is higher than
10%, with that from Helan Mountain approaching 20%. However, the contents of crude protein, fat,
and crude fiber in the fruitbodies of C. sinensis from Helan Mountain are significantly higher than
those from Qilian Mountain. This difference may be caused by the differences in the physical and
chemical properties of the soil in the shady slopes of Picea crassifolia forests in Helan Mountain and
Qilian Mountain [28,29].

Based on the analysis of free amino acid of C. sinensis from Helan Mountain and Qilian
Mountain, expecially the TAV values, the reason why C. sinensis from Helan Mountain are more
preferable than that from Qilian Mountain could be easily revealled. There is a significant difference
in the total amount of free amino acids in the fruitbodies from both areas, and the content of each free
amino acid also varies greatly. The TAV values of the off - flavor amino acids His, Val, and Lys in the
fruitbodies from Qilian Mountain are higher, and the TAV value of Glu, which can enhance the
freshness, is lower compared with that from Helan Mountain, which may be one reason for the
relatively poor flavor of the fruitbodies in this area, and could give the support on the dietary
preferences for the local consumers in Inner Mongolia.

Most aromatic compounds in food are fat-soluble, and fat acts as a carrier for these flavor
substances [30]. When the fat content is reduced or removed, the perception of taste in the food
system will change significantly [31]. The fat content in the fruitbodies of C. sinensis in the Qilian
Mountains is significantly lower than that in the Helan Mountains, which may be another reason
why the taste of C. sinensis in the Qilian Mountains is relatively less appealing. Meanwhile, as the fat
content decreases, the salty, sour, sweet, and bitter tastes in food become more pronounced [32].
Under the combined influence of lower fat content and higher levels of off-flavor amino acids, the
flavor and texture of C. sinensis in the Qilian Mountains may be inferior to those in the Helan
Mountains.

Combing the prediction of geographic distribution and how climate change would affect the
geographic range, we proposed in this study that the consume history and dietary preferences should
be taken into consideration when formulating protection strategies for edible ectomycorrhizal
mushrooms to develop comprehensive conservation strategies in the future.
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5. Conclusions

C. sinensis is deeply loved by people in Northwest China due to its unique flavor and nutritional
properties. However, under the influence of natural and human factors, its wild resources have
sharply declined. In order to further study the current and future distributions of C. sinensis and
explore the internal reasons for market demand, we predicted the suitable growth areas of C. sinensis
and detected the nutritional components of the fruitbodies collected from the Helan Mountain and
Qilian Mountain, which are the main producing areas of C. sinensis. The experimental results show
that the suitable growth areas of C. sinensis are mainly concentrated in the adjacent areas at the
junctions of Qinghai, Gansu, Ningxia and Inner Mongolia. Under future climate conditions, the
overall trend of the distribution of suitable growth areas remains unchanged, but the total area shows
a downward trend. The determination of nutritional components indicates that the differences in fat
content and the contents of flavor - enhancing amino acids may be the reasons why the C. sinensis in
the Qilian Mountain tastes inferior to those in the Helan Mountain. Our research provides referable
results and new ideas for formulating protection strategies for C. sinensis. However, in this study, the
research object, C. sinensis, is an ectomycorrhizal fungus. When predicting its suitable growth areas,
we did not consider its host, which may have a certain impact on the accuracy of the prediction of
suitable growth areas. At the same time, in the future, it is possible to further detect the contents of
different fatty acids in fat to make a more comprehensive judgment on the taste and flavor of the
fruitbodjies.
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