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Background As an important environment migration chain of arsenic(As), the soil and Chinese
cordyceps system constitutes an exposure pathway to humans.

Methods In this study, sclerotium (SC) and stroma (ST) in Chinese cordyceps and habitat soils were
collected from the Qinghai-Tibet Plateau to determine the concentrations and species of arsenic through
inductively coupled plasma mass spectrometry (ICP-MS).

Results The total concentrations of As ranged from 0.82 to 1.13 mg/kg dry weight in ST, from 4.64 to
5.68 mg/kg dry weight in SC, and from 13.03 to 16.31 mg/kg in soils. The major components were a
cluster of unknown organic As compounds, accounting for 90.5% to 92% in SC and 74.8% to 76.8% in ST.
The relative abundance of toxic inorganic As as a percentage of total As was as follows: soil
(58.4%-63.1%) > ST (23%-25.2%) > SC (6%-7.3%). The ratio of inorganic to organic As in ST (0.30-0.34)
was higher than that in SC (0.06-0.08). Results indicate that the uptake of As from soil in Chinese
cordyceps was limited, and Chinese cordyceps possess highly efficient detoxifying characteristics. The
levels of As in the tested soils were higher than the soil background values of China. However, the
probabilities of health risks were found to be within the acceptable levels for humans, but children are
more susceptible.
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33 Abstract
34 Background

35 As an important environment migration chain of arsenic(As), the soil and Chinese
36 cordyceps system constitutes an exposure pathway to humans.

37 Methods

38 In this study, sclerotium (SC) and stroma (ST) in Chinese cordyceps and habitat soils were
39 collected from the Qinghai-Tibet Plateau to determine the concentrations and species of
40 arsenic through inductively coupled plasma mass spectrometry (ICP-MS).

41 Results

42  The total concentrations of As ranged from 0.82 to 1.13 mg/kg dry weight in ST, from 4.64
43  to 5.68 mg/kg dry weight in SC, and from 13.03 to 16.31 mg/kg in soils. The major
44  components were a cluster of unknown organic As compounds, accounting for 90.5% to 92%
45 in SC and 74.8% to 76.8% in ST. The relative abundance of toxic inorganic As as a
46 percentage of total As was as follows: soil (58.4%-63.1%) > ST (23%-25.2%) > SC (6%-
47  7.3%). The ratio of inorganic to organic As in ST (0.30-0.34) was higher than that in SC
48 (0.06-0.08). Results indicate that the uptake of As from soil in Chinese cordyceps was
49 limited, and Chinese cordyceps possess highly efficient detoxifying characteristics. The
50 levels of As in the tested soils were higher than the soil background values of China.
51 However, the probabilities of health risks were found to be within the acceptable levels for

52 humans, but children are more susceptible.

53 Keywords: Chinese cordyceps; Arsenic; Soil; Health risk

54
55 Introduction

56 Chinese cordyceps (Fig. 1), a mysterious entomogenous fungus distributed on the Qinghai-Tibet

57 Plateau, is popularly referred to as winter-worm-summer-grass (Dong Chong Xia Cao in
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Chinese). The definite Latin name of this fungus has been debated in recent decades; however,
according to the Jinhu declaration for Cordyceps industry development (Dong et al., 2016), both
the teleomorph and anamorph stages have been approved as Chinese cordyceps. Thus, in this
paper, we use Chinese cordyceps to refer to both its teleomorph and its anamorph stages. The
“worm” is a caterpillar-shaped sclerotium (SC), and the “grass” is the stroma (ST) of the fungus.
In the summer, the ascospores erupt from mature stroma, develop into infective conidia, and
gradually infiltrate into deeper soil with the rainfall (Zhang et al., 2012). Similarly, after
incubating from the eggs scattered on the grassland, the host Thitarodes (Lepidoptera:
Hepialidae) larvae infiltrate deep into the soil (Fig. 1A) and safely reside in the roots of their
preferred substrates throughout the long-lasting larval stage (Fig. 1B) (Chen et al., 2009). After
developing through four to five instars (approximately 2 years), the larvae may be infected by the
fungus in the soil in June (Fig. 1D) (Zou et al., 2010). The larvae then become a fungal host, and
gradually, their interior is filled with thread-like hyphae to form the caterpillar-shaped SC (the
so-called winter-worm, Fig. 1E) in the winter. The stroma germinates out of the head capsule in
the coming spring when the frozen soil thaws, and grows for approximately 2 months. Then, they
mature (the so-called summer-grass, Fig. 1F) and disperse millions of spores (Fig. 1C), initiating
the next hostile takeover (Guo et al., 2017).

Figure 1 near here.

Chinese cordyceps has been utilized in China and adjacent countries for thousands of years as a
rare functional food to promote health and to treat diverse chronic diseases. Its remarkable
functions such as antitumor, anti-inflammatory, antioxidant, anti-hyperglycemia, anti-apoptosis,
immunoregulatory, and hepatoprotective have been reported in modern pharmaceutical research

(Qi et al., 2014; Liu et al., 2015). However, since the China Food and Drug Administration
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(CFDA) revealed in 2016 that a total As content of 4.4-9.9 mg/kg (CFDA 2016a), at least three
times greater than the reference value of 1 mg/kg for total As in functional foods (GB16740-
2014) (National 2014), was detected in Chinese cordyceps, social concerns regarding human
health have arisen. Immediately, on February 26, 2016, the CFDA ordered that all the pilot work
on Chinese cordyceps as a functional food be discontinued (CFDA 2016b). These events have
caused a great social panic and uproar in the functional food market and have seriously affected
the Chinese cordyceps-dependent economic chain (Wang et al., 2016).

Arsenic, a common material in the ecosphere that can be transferred into organisms through the
food chain, is the perceived by some as the most concerning hazardous material in the world due
to its toxicity. The toxicity of As is dependent on its chemical form, with inorganic arsenic
species (iAs), such as arsenite (As™) and arsenate (AsV), being the most toxic, which are the
majority species in the soil and water (Huang and Ke, 2004). When the iAs transfer into
organisms along the food chain, iAs begin to be transformed into organic species in vitro. The
initial metabolic products are monomethylarsonic acid (MMA) and dimethylarsenic acid (DMA),
which are much less toxic than iAs to human beings, and their subsequent metabolic products,
such as some other organic As complexes (arsenocholine, arsenobetaine, and various
arsenosugars and arsenolipids), are mostly considered nontoxic (Hua and Carew, 2011; Styblo
and Razo, 2000). Thus, these As transforming processes in organisms are generally considered as
the detoxing process of iAs. Recently, several organic As species (0As), discovered as
intermediate metabolites (MMA!, DMA!M, DMMTAY) in organisms or discovered as
hydrocarbons (AsHCs) in animal-sourced foods, were found to be highly toxic (Styblo and Razo,

2000; Meyer et al., 2014). In recent research (Guo et al., 2018), we found that although the total

As were predominant (4.00 to 5.25 mg/kg), the iAs generally considered toxic were minor (As™:
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4.1-6.0% and AsV: 1.3-3.2%), and low toxic 0As (MMA! and DMA™) were below the level of
detection after examining the As speciation in Chinese cordyceps through HPLC-ICP-MS
according to the Chinese standard of functional food (National, 2014). The largest proportion of
As was composed of unknown organic As species, which were considered as a kind of
arsenosugar according to a H,O, test and chromatography (Guo et al., 2018).

Unlike other mushrooms of which only the stroma or fruiting body is consumed (Larsen et al.,
1998; Kuehnelt et al., 1997), Chinese cordyceps is a larval-fungus complex, and the sclerotium is
the complex of the host larva (substrate) and mycelium of the fungus, while the stroma is purely
composed of the fungus (Zhang et al., 2012). Thus, the As concentration and distribution might
differ during the stroma germinating process and may ultimately, vary between the sclerotium

and the stroma of the Chinese cordyceps. This paper aims to clarify the total As, As speciation
(As®, AsV, MMA, DMA, AsB), and distribution among the SC, ST, and habitat soil.
Furthermore, a health risk assessment of arsenic in the soil for humans was estimated. Thus, the
results fairly evaluate the bio-accumulated ability of As in Chinese cordyceps and provide a
potential marker in discriminating the products of natural Chinese cordyceps. Furthermore, based
on the arsenic concentration in soil collected from the Chinese cordyceps habitat, the health
assessment provides basic data for the population living in the plateau areas.

Materials and Methods

Sample collection and preparation
Twenty Chinese cordyceps samples of similar size (approximately 0.3 g per sample) were
collected at each site from the native habitats in Shergyla Mountain, Tibet. Site A, located at

29°36' N, 94°36' E; Site B, located at 29°35' N, 94°36' E; Site C, located at 35°14' N, 91°48' E.
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And corresponding topsoil samples were collected. All samples were stored inside ice-cold cages
and delivered to the laboratory.

In the laboratory, all of the Chinese cordyceps were freeze-dried to reach a constant weight,
sectioned into SC and ST subsamples, and named as SC/g,c and STas,c according to sampling
sites. To gather enough material for subsequent analysis, each of the five SC subsamples was
combined into a batch sample, and each of the ten ST subsamples was combined (each stroma is
approximately 85% of the sclerotium weight). Therefore, the original twenty Chinese cordyceps
taken at each sampling site were organized into 4 batches of sclerotium samples and 2 batches of
stroma samples. Soils collected from the study area were named as A/B/C according to sampling
sites. All soil samples were freeze-dried for 48 h and then ground into powders with a grain size
of less than 150 mesh. The powdered samples were sealed in sealable plastic bags and stored at 4
°C until analysis.

Sample digestion

The digestion methods for the determination of the total As and As species in SC and ST
followed those of previous references (Guo et al., 2018). Briefly, for total As analysis, the
sample powder was digested with concentrated HNOj3 in a microwave digestion system, and for
As speciation analysis, the sample powder was diluted with 0.15 mol/L HNO; and incubated in a
90 °C water bath for 12 hours. All the digestion products were centrifuged, filtered, and stored at
4 °C before analysis.

The digestion method for total As analysis of soil samples was as follows. Approximately 1 g of
each powdered sample was mixed with 20 mL of concentrated nitric acid (HNOs) and digested
in a microwave-assisted system with the following procedures: it was (1) heated to 120 °C in 5

min and held at 120 °C for 5 min; (2) heated to 150 °C in 5 min and held at 150 °C for 5 min; (3)
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heated to 170 °C in 5 min and held at 170 °C for 5 min; (4) heated to 190 °C in 5 min and hold at
190 °C for 20 min; and (5) cooled to room temperature. For As species analysis, 0.2 g of each
pre-dried sample was extracted with 10 mL 1 mol/L phosphoric acid (H;PO4) and 10 mL 0.5
mol/L ascorbic acid in a 50 mL polyethylene centrifuge tube and then incubated in a 95 °C water
bath for 1 h. When it was cooled to room temperature, it was centrifuged for 15 min at the speed
of 8000 rpm. Then, collected supernatant was passed through a sieve with a pore size of 0.22 um
and stored in sealable plastic bags at 4 °C until analysis.

Based on our previous studies (Guo et al., 2018), the As'! could not be separated from the other
arsenic species. Therefore, As speciation analysis was conducted based on a comparison between
the extracts that were digested according to the above, and 1 mL of H,O, was added to extracts
before analysis.

Arsenic determination of samples

The total As was measured using ICP-MS (Agilent 7800, Santa Clara, CA, USA). The operating
parameters of the equipment were as follows: radio frequency (RF) power, 1550 W; carrier gas,
1.05 L/min; collision mode, helium (HE) flow 4.2 mL/min; plasma gas flow rate = 15 L/min;

auxiliary gas flow rate = 0.1 L/min; and selected isotope = m/z 75 and quantified using an
external calibration curve from As'V standards. Five As species (As®, AsV, MMA, DMA, AsB)

were separated by an Agilent 1260 HPLC system (Santa Clara, CA, USA), identified, and

quantified using an external calibration curve from the mix standards (MMAV, DMAV, AsT

AsV, and AsB). The chromatograph was equipped with a standard autosampler, IonPac AG19

guard column (4x50 mm), and an lonPacAS19 separation column (4x250 mm). The HPLC
conditions were as follows: a mobile phase of 10 mmol/L anhydrous sodium acetate, 3 mmol/L

potassium nitrate, 10 mmol/L sodium dihydrogen phosphate, 0.2 mmol/L disodium
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ethylenediaminetetraacetate buffer, and a flow rate at 1.0 mL/min. The separated As species
were examined by ICP-MS (as described previously).

The analytical performances of the proposed ICP-MS method for total As content analysis and
HPLC-ICP-MS method for As species analysis were validated by determining the linearity,
limits of detection, limits of quantification, and agreements with the certified reference materials
as shown in our previous study (Guo et al., 2018).

Health risk assessment of As in soil

There are three pathways of metal exposure to humans through the soil: oral ingestion, inhalation,
and dermal contact. According to the model of human health evaluation by the United States
Environment Protection Agency (USEPA) (USEPA, 1989), the estimated average daily doses

(ADD, mg/(kg-d)) through the three exposure pathways are calculated separately as follows:

IngR x EF X ED

ADD;yg =Cx gy <107 )
InhR x EF x ED
ADDinh =Cx PEF x BW x AT (2)

SA x AF x ABF x EF x ED

ADDdermal =Cx x1 0-6 (3)

PEF x BW x AT
where the ADD;,,, ADD,,,, and ADDg . are the average daily doses through ingestion,
inhalation and dermal contact, respectively, and C is the concentration of total As in soil
(mg/kg). The values of exposure parameters for children and adults applied to equations 1-3 are
given in Table S1 by referring to Chinese assessment guidelines for an environmental site
(Ministry, 2014) and USEPA health risks assessment (USEPA, 2011).

The risk characterization of As was classified as carcinogenic by USEPA (USEPA, 2011), as
well as non-carcinogenic for health risk. In order to evaluate the human health non-carcinogenic

risk of As exposure from soil in detected sites, the hazard quotient (HQ) was applied:

ADD

HO= %5 (4)
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HI=Y HQ; (5)

where RfD was the non-carcinogenic reference dose for As (mg/(kg-d)); the values through
ingestion, inhalation, and dermal contact were: 3.0x10%, 1.5x107, and 3.0x10*%, respectively
(Ministry, 2014; USEPA, 2013; Liu et al., 2008). HI was the total exposure hazard index. If HQO
or HI < 1, there is no concern for non-carcinogenic effects, whereas potential non-carcinogenic
risks may occur in cases where HQ or HI > 1.

Carcinogenic risk (CR) was calculated as follows:

CR = ADDyg/inn/dermar *SF' (6)
CRr=>CR (7)

where SF is the carcinogenic risks slope factor of As; the values through ingestion, inhalation,
and dermal contact were: 1.5, 4.3x10-3, and 1.5, respectively (USEPA, 2011; Ministry, 2014;
USEPA, 2013; Liu et al., 2008). CR7 is the sum of CR for the three pathways. The probability of
cancer risk for consumers over a lifetime is characterized by CR with an acceptable range of
1.0x10° to 1.0x10*. A value of CR < 1.0x10°° indicates no obvious concern for cancer risk,

whereas CR > 1.0x10 is likely to be harmful to human beings.

Results

Total arsenic concentration

The concentrations of total As in the SC and ST are reported in Table 1. The level of total As in
the SC was between 4.64 and 5.68 mg/kg of dry mass due to their absolute advantage in weight
proportion (approximately 85%). The level of total As in the ST was much lower than that in the
SC and ranged from 0.82 to 1.13 mg/kg of dry mass, close to the reference value of 1 mg/kg for

total As in functional foods (GB16740-2014) (National, 2014). The ratio of the total As
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concentration in the ST to that in the SC was found to be in the range of 0.18-0.20 and indicated
the Chinese cordyceps may not be an arsenic-accumulating fungus.

The concentrations of total As in the soil samples were distributed between 13.03 and 16.31
mg/kg (Table 1). Compared to the soil background values of China (Wei and Zheng, 1991), the
levels of total As in all of the tested samples were higher. Similarly, compared to the
geochemical baseline value of chemical elements in urban soil in China (Cheng et al., 2014), the
levels of total As in all of the tested samples were higher than the baseline value. Meanwhile, the
level of As in site A and site C exceeded the upper limits of geochemical baseline values, falling
within the areas with a high baseline.

Arsenic species

All SC and ST samples were analyzed using HPLC-ICP-MS to determine the content of different
As species (the chromatograms are shown in Fig. 2). The results are reported in Table 1. Under
the H,O, treatment, most of the As in the large peak area was not oxidized to AsV (Figs. 2D and
2E), which proved that the major overlapped peak was not the toxic As'™! but various unknown
organic As species (0AsU, with a retention time from 3.2 to 4 min). However, it was not possible
to evaluate these percentages due to the lack of appropriate standards.

In the SC, organic As species were predominant, and the percentage of total As content ranged
from 92.7% to 94%. Among the organic As species, the major components (representing 90.5%
to 92% of the total As) were 0AsU. AsB was also detected as a minority compound in these
samples, ranging from 2% to 2.3%. The two potential toxic organic As species, DMA and MMA,
were found to be negligible in the SC samples. The relative abundance of inorganic As as a
percentage of total As ranged from 6% to 7.3%. The ratios of inorganic to organic As and As" to

As' ranged from 0.06 to 0.08 and 0.32 to 0.39, respectively. In the ST, organic As, while
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265

relatively less abundant as a percentage of total As when compared with those in SC, was still
the majority species, ranging from 75% to 77% of the total As. Almost all the organic As species
were a cluster of unknown compounds, except for trace amounts of AsB and DMA found in STg.
The relative abundance of inorganic As as a percentage of total As ranged from 23% to 25.2%.
The ratios of inorganic to organic As and AsY to As''ranged from 0.30 to 0.34 and 1.71 to 2.71,
respectively. To present the results more intuitively, histogram graphs are shown in Figure 3.
Results indicate that during the germination and development of the stroma, inorganic As was
preferably transferred from the original substrate.

The concentrations for different As species in soil samples are presented in Table 1 (the
chromatograms are shown in Figs. 2F and 2G). As shown in our previous study (Guo et al.,
2018), the concentrations of the total As in different extraction methods determined by HPLC-
ICP-MS and ICP-MS were quantitively consistent with the Chinese cordyceps samples.
However, unextractable arsenic (uAs) in soil samples resulted from subtracting between total As
and concentrations of different As species determined by HPLC-ICP-MS (Fig. 3A). The uAs
might originate from insoluble secondary mineral, which formed with arsenic and other metals
by coprecipitation (Liu et al., 2018). As expected, inorganic As is the predominant species in the
soil, significantly more abundant as a percentage of total As compared with that in SC and ST.

Of these inorganic As species, the major component (representing 58.4% to 63.1% of the of the
total As) was the powerful toxic AsV. In all of the tested samples, organic As species were the

minority, and the percentage of total As content ranged from 36.9% to 41.6%. Among the
organic As species, the major components (representing 14.4% to 34% of the total As) were an

unknown compound, and AsB and DMA were also detected as minority compounds in these
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samples. The results show that the original As in plants taken up from the soil was the toxic
inorganic As.

Table 1 near here.

Figure 2 near here.

Figure 3 near here.

Hazard assessment of the soil

The calculated average daily doses (4DD) for non-carcinogens and carcinogens through different

exposure pathways decreased in the following order: ADD;,;>ADD,;,;,>ADD gy, and ADD);,,e W

as far greater than the other two (Tables 2 and 3) The value of the dose for children through
ADD,,,,; was higher than for adults. The results of human health risk assessment of As in these
soils showed that the potential non-carcinogenic significant risk is negligible since the HI was
less than 1 (Table 4). The cancer risks (CR) for human health were at an acceptable level (total
CR<1 x 10*) (Table 4). Ingestion, for adults and children, is the most common exposure
pathway, which was consistent with exposure assessment. It revealed that non-carcinogenic and
carcinogenic risks in humans were associated with the exposure pathway, with children, in
general, more vulnerable than adults.

Table 2-4 near here.

Discussion

Arsenic transfer chain during Chinese cordyceps formation
As a special organism produced in the Qinghai-Tibetan soil ecosystem (Li et al., 2008), Chinese
cordyceps is both a consumer and a de-composer in the food-chain. The As concentration in

Chinese cordyceps is the outcome of complicated synergies of the soil (its living environment
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310

and the alternative food of the host larvae), plants (a favorite food of the host larvae), host larvae,
and Chinese cordyceps. The total As abundance in Chinese cordyceps habitat soil was 13.03-
16.31 mg/kg (average value: 14.67mg/kg), a value higher than the average abundance on Earth.
Furthermore, the proportion of inorganic As was largest. To adapt to the toxic circumstances, the
original organisms in this soil ecosphere have developed detoxifying strategies to survive.
Although the As transfer chain and corresponding metabolism from the habitat soil to Chinese
cordyceps have not been investigated previously, with reference to previous research on other
plants (Zhao et al., 2009; Lomax et al., 2012), animals (Healy et al., 1998), and fungi (Gonzalvez
et al., 2009; Soeroes et al., 2005; Chang et al., 2019), the complicated delivery and
transformation of As can be briefly inferred as follows. First, through the passive absorption of
the plants' roots, the original As in the soil is transported and isolated into the plant vacuoles to
avoid its toxic effects. During this process, the As keeps its original speciation because the plants
appear to be unable to methylate inorganic As to organic As species due to the lack of genes
responsible for As methylation (Zhao et al., 2009; Lomax et al., 2012). The host Thitarodes
larvae, which use the plants' tender roots as their preferred food for approximately 3 years (Fig.
1B), first reduce the uptake of AsV reduced to As™ by its reductase and then methylate As™ to
low toxic MMA or DMA via methylationase. Subsequently, MMA and DMA are detoxified into
nontoxic organic As compounds. Chinese cordyceps infects Thitarodes larvae and utilizes them
as a substrate, simultaneously playing certain roles in As transformation during its mycelium
growth and caterpillar-shaped SC development. Two months later, the As is rearranged during
ST germination and growth (Fig. 1F). Therefore, the critical detoxification processes that

changed inorganic As into organic As are conducted by the larvae and Chinese cordyceps
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because the animals and fungus are known to contain methylationase (Healy et al., 1998; Zhong
et al., 2016; Zhang et al., 2017).

In this study, the total As concentration in SC was approximately 6 mg/kg (the organic As
proportions were over 90%, in which the initial organic products of arsenate detoxification such
as MMA and DMA were not detected). The significant contrasts in the As concentration and
speciation between the SC and soil environment proved the highly efficient detoxifying
mechanisms of the larva-fungi union because they reduced two-thirds of the total As and even
the low-toxic organic arsenics (MMA and DMA), which were completely detoxified into other
forms. However, based on the As concentration of SC, the detailed contribution of the Chinese
cordyceps could not be fairly assessed because SC was the complex of the residual tissue of the
host larvae and condensed Chinese cordyceps mycelium. Thus, we investigated the As
distribution in ST, which is composed only of the Chinese cordyceps mycelium without any
interference from the host tissue. The results showed that compared with the As distribution in
SC, the total As content in ST was only about one-fifth of that in SC (Fig. 3A), and the ratios of
inorganic to organic As and AsY to As'! in ST were several times that found in SC (Fig. 3B and
C). The plummet of the total As from SC to ST, as shown with the black dashed line in Figure
3A, provided strong evidence that during germination and the development of the stroma,
Chinese cordyceps absorbs nutrients in addition to As, but it could filter out up to about 80% As
to prevent future toxicity to offspring (ascospores). The increase in the ratios of inorganic to
organic As and AsY to As'! from SC to ST, as shown with the red dashed line in Figure. 3B and
C indicates that during the stroma detoxification process, inorganic As might more easily

penetrate the stroma. Based on the As transfaction from SC to ST, it could be inferred that
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Chinese cordyceps is not an As-accumulating fungus such as Laccaria amethystea (Larsen et al.,
1998) and Collybia butyracea (Kuehnelt et al., 1997), but an As-diluting fungus.

Hazard assessment of the soil

Higher concentrations of As in soil were found in study areas other than the As-level divisions
of China because arsenic mainly comes from a parent material. Due to physical weathering being
in effective in the Qinghai-Tibet Plateau, there was little element released or leached from rocks
during weathering and pedogenesis (Li et al., 2008). This result of arsenic species in skeleton soil
was consistent with data from calcareous soils (Xie et al., 2006) and indicated the similarity of
arsenic species from the different soils. A previous study reported that the level of As in Lhasa
was 20 mg/kg, which was higher than in our tested sites (Cheng et al., 2014). The elevated As
concentration in Lhasa might be attributed to transported pollutants in addition to the local
background values of the soil.

Compared to other potentially toxic elements in soil, As, in general, can cause damage to humans
through long exposure (Wei et al., 2016; Tsuda and Babazono, 2010). There has always been a
focus on the As transported from the heavy pollution in the soil for health assessment, but from
endogenic arsenic, there has been a lack of attention. Estimating the non-carcinogenic and
incremental lifetime cancer risks associated with exposure to As in detected soils indicated that
there were no significant risks for humans. In the surrounding soil of a coking plant heavily
polluted by As, the cancer risk due to ingestion exposure was higher than the acceptable level for
children, and the ADD;,, was far greater than in our study (Chen et al., 2019). However, even
small amounts of As in soil transported into plants' roots and accumulated in vegetables (Zeng et
al., 2008) can be a threat to children's health through the food chain (Li et al., 2018; Manzoor,

2018). Therefore, the risk assessment posed by As might be associated with exposure dose as
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well as its toxicity. However, there is great uncertainty in risk assessment of As in that there are
different toxicity and health effect, caused by concentrations, species, and absorption in the
body. Therefore, determination of the potential risk of the As in the food chain should be carried

out at various levels to provide strong evidence for our inference.

Conclusions

This result clarifies that arsenic migrates along the environmental soil-sclerotium-stroma chain.
The levels of As and species were different among habitat soil, SC, and ST. The results indicate
that Chinese cordyceps was not as much an As-accumulating fungus as traditionally believed.
Chinese cordyceps could filter out the majority of As to prevent future toxicity to offspring;
during the stroma detoxification process, inorganic As might more easily penetrate the stroma. In
addition, the health risk assessment of As found that the carcinogenic risk and non-carcinogenic
risk in the study areas were acceptable. Risks in humans were influenced by the exposure

pathway, with children generally more vulnerable than adults.

Declaration of interest statement

The authors report no conflict of interest for this article.

Funding

This work was supported by the [Natural Science Foundation of Guangdong Province #1] under
Grant [number 2018A030313094 and 2020A151501457]; [Social Science and Technology

Development Project of Dongguan #2] wunder Grant [number 20185071521641];

Peer] reviewing PDF | (2020:07:51522:0:2:REVIEW 13 Aug 2020)



Peer]

378

379

380

381
382

383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409

[Talents Recruitment Program of Guangdong Medical University #3] under Grant [number

4SG19003Gd], and [Science and the Technology Key Project of Zhangjiang #4] under Grant

[number 2017B01233].

References

Chang W, Bao C, Li X, Sun L. 2019. Research progress in the enrichment of mercury and arsenic by edible
fungi. Sci Tech Food Ind 9:374-380.

Chen D, Yuan J, Xu S, Zhou X, Zhang Y, Xu X. 2009. Stable carbon isotope evidence for tracing the diet of
the host Hepialus, larva of Cordyceps sinensis, in the tibetan plateau. Sci China Ser D-Earth Sci 52(5):655-
659.

Chen YF, Xu JR, Duan XL, Cao SZ, Sun SW, Kang YJ. 2019. Health risks of cumulative oral exposure to
heavy metals for children living around a coking enterprise. China Environmental Science 39(11):4865-4874.
Cheng HX, Li K, Li M, Yang K, Liu F, Cheng XM. 2014. Geochemical background and baseline value of
chemic al elements in urban soil in China. Earth Science Frontier 21(3):265-306.

Dong CH, Li WIJ, Li ZZ, Yan WIJ, Li TH, Liu XZ. 2016. Cordyceps industry in China: current status,
challenges and perspectives - Jinhu declaration for Cordyceps industry development. Mycosystema 35(1): 1-15.
Gonzalvez A, Llorens A, Cervera ML, Armenta S, De la Guardia M. 2009. Non-chromatographic speciation of
inorganic arsenic in mushrooms by hydride generation atomic fluorescence spectrometry. Food Chem
115(1):360-364.

Guo LX, Hong YH, Zhou QZ, Zhu Q, Xu XM, Wang JH. 2017. Fungus-larva relation in the formation of
Cordyceps sinensis as revealed by stable carbon isotope analysis. Scientific Reports 7(1):7789-7793.

Guo LX, Zhang GW, Wang JT, Zhong YP, Huang ZG. 2018. Determination of arsenic species in
Ophiocordyceps sinensis from major habitats in China by HPLC-ICP-MS and the edible hazard assessment.
Molecules 23(5):1012-1026

Healy S, Casarez E, Ayala-Fierro F, Aposhian H. 1998. Enzymatic methylation of arsenic compounds. V.
arsenite methyltransferase activity in tissues of mice. Toxico Appl Pharm 148(1):65-70.

China Food and Drug Administration. 2016. Arsenic may caused human poison by long-term consumption of
cordyceps sinensis. Available at http://www.cfda.com.cn/NewsDetail.aspx?id=86238 (accessed 7 March
2016).

China Food and Drug Administration. 2016. Notice on the Suspension of All the Pilot Work on Cordyceps
sinensis for Health Food. Available at http.//www.cfda.com.cn/NewsDetail.aspx?id=86276 (accessed 7 March
2016).

Peer] reviewing PDF | (2020:07:51522:0:2:REVIEW 13 Aug 2020)



Peer]

410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444

Hua N, Carew MW, Shi X, Lee J, Leslie EM, Weinfeld M, Le XC. 2011. Comparative toxicity of arsenic
metabolites in human bladder cancer EJ-1 cells. Chem Res Toxicol 24(9):1586-596.

Huang CS, Ke QD, Costa M, Shi XL. 2004. Molecular mechanisms of arsenic carcinogenesis. Molecular and
Cellular Biochemistry 255(1-2):57-66.

Kuehnelt D, Goessler W, Irgolic K. 1997. Arsenic compounds in terrestrial organisms I: Collybia maculata,
Collybia butyracea and Amanita muscaria from arsenic smelter sites in Austria. App!/ Organomet Chem
11(4):289-296.

Larsen E, Hansen M, Goessler W. 1998. Speciation and health risk considerations of arsenic in the edible
mushroom Laccaria amethystina collected from contaminated and uncontaminated locations. App! Organomet
Chem 12(4):285-291.

Li CL, Kang SC, Wang XP, Ajmone-Marsan F, Zhang Q. 2008. Heavy metals and rare earth elements (REEs)
in soil from the Nam Co Basin, Tibetan Plateau. Environ Geol 53(7):1433-1440.

Li LF, Zhu CX, Zeng XB, Li HN, Ye J, Li F, Wu CX. 2018. Accumulation characteristics of heavy metals in
greenhouse soil and vegetables in Siping City, Jilin Province. Environmental Science 39(6):2936-2943.

Li SH, Wang MG, Yang Q, Wang H, Zhu JM, Zheng BS, Zheng Y. 2008. Enrichment of arsenic in surface
water, stream sediments and soil in Tibet. Journal of geochemical exploration 135(2013):104-116.

Liu GN, Chen M, Li WQ, Gong WW. 2018. A critical review on the speciation and development of sequential
extraction procedures for arsenic in soils. Journal of Agro-Environment Science 37(12):2629-2638.

Liu Q, Wang J, Shi YX, Zhang YY, Wang QH. 2008. Health risk assessment on heavy metals in soil based on
GIS-A case study in Cixi city of Zejiang Province. Chinese Journal of Soil Science 39(3):634-640.

Liu Y, Wang JH, Wang W, Zhang HY Zhang XL, Han CC. 2015. The chemical constituents and
pharmacological actions of Cordyceps sinensis. Evid Based Complement Alternat Med 57:50-63.

Lomax C, Liu W, Wu L, Xue K, Xiong J, Zhou J, Mcgrath S, Meharg AA, Miller AJ, Zhao FJ. 2012.
Methylated arsenic species in plants originate from soil microorganisms. New Phytol 193(3):665-672.

Manzoor J, Sharma M, Wani KA. 2018. Heavy metals in vegetables and their impact on the nutrient quality of
vegetables: a review. Journal of Plant Nutrition 41(13):1744-1763.

Meyer S, Matissek M, Muller SM, Taleshi MS, Ebert F, Francesconi KA, Schwerdtle T. 2014. In vitro
toxicological characterisation of three arsenic-containing hydrocarbons. Metallomics 6(5):1023-1033.

Ministry of Environmental Protection of the People's Republic of China. 2014. Technical guidelines for risk
assessment of contaminated sites. (HJ 25.3 -2014); China Environmental Science Press Publication: Beijing,
China, 2014.

National health and family planning commission of the People’s republic of China. 2014. The comman
standards of functional food. GB16740-2014.

Qi W, Lei W, Yan Y, Zhang Y, Liu S, Cao P, Fan Y. 2014. Pharmacological study progress of the Cordyceps
sinensis. Global Traditional Chinese Medicine 7(3):227-232.

Peer] reviewing PDF | (2020:07:51522:0:2:REVIEW 13 Aug 2020)



Peer]

445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479

Soeroes C, Kienzl N, Ipolyi I, Dernovics M, Fodor P, Kuehnelt D. 2005. Arsenic uptake and arsenic
compounds in cultivated agaricus bisporus. Food Control 16(5):459-464.

Styblo M, Razo LMD. 2000. Comparative toxicity of trivalent and pentavalent inorganic and methylated
arsenicals in rat and human cells. Arch. Toxicol 74(6):289-299.

Tsuda T, Babazono A. 2010. Inorganic arsenic: A dangerous enigma for mankind. App! Organomet Chem
6(4):309-322.

United States Environment Protection Agency (USEPA). Risk assessment guidance for superfund volume I:
human health evaluation manual, Part A; EPA Publication: Washington, DC, USA, 1989.

USEPA. Exposure factors handbook; National Center for Environmental Assessment Publication: Washington,
DC, USA, 2011.

USEPA. Regional screening level for chemical contaminants at superfund sites; EPA Publication: Washington,
DC, USA, 2013.

Wang H, Shan Y, Sun Z. 2016. The utilization and analysis of present market situation for Cordyceps sinensis.
Chin Med Res Prac 30(6):83-86.

Wei FS, Zheng CJ, Chen JS, Wu YY. 1991. Study on the background contents on 61 elements of soils in
China. Chin J Environ Sci 12(4):12-19.

Wei LL, Zhou Q, Xie CX, Wang J, Li J. 2016. Bioaccumulation and biomagnification of heavy metals in three
gorges reservoir and effect of biological factors. Huan Jing Kexue 37(1):325-334.

Xie YQ, Zhang C, LV Y. 2006. The Analysis on the Forms of Arsenic in the Soils Formed from the Middle
Devonian Donggangling Formation in Eastern Mashan County, Guangxi Zhuang Autonomous Region, and Its
Ecological Effect. Geological Review 52(6):848-853.

Zeng XB, Lian-fang LI, Mei XR. 2008. Heavy metal content in Chinese vegetable plantation land soils and
related source analysis. Agricultural Sciences in China 7(9):1115-1126.

Zhang SY, Williams PN, Luo JM, Zhu YG. 2017. Microbial mediated arsenic biotransformation in wetlands.
Front Environ Sci Eng 11(1):1.

Zhang Y, Li E, Wang C, Li Y, Liu X. 2012. Ophiocordyceps sinensis, the flagship fungus of china:
terminology, life strategy and ecology. Mycology 3(1):2-10.

Zhao F, Ma J, Meharg A, Mcgrath S. 2009. Arsenic uptake and metabolism in plants. New Phytol 181(4):777-
794.

Zhong T, Lv YL, Chen F, Zhang WW, Rosen B, Zhao FJ. 2016. Arsenic methylation in Arabidopsis thaliana
expressing an algal arsenite methyltransferase gene increases arsenic phytotoxicity. J Agric Food Chem
64(13):2674-2681.

Zou Z, Liu X, Zhang G. 2010. Revision of taxonomic system of the genus Hepialus (Lepidoptera, Hepialidae)
currently adopted in China. Hunan Univ Sci Technol. (Nat Sci Ed) 25(1):114-20.

Peer] reviewing PDF | (2020:07:51522:0:2:REVIEW 13 Aug 2020)



PeerJ Manuscript to be reviewed

480

481

Peer] reviewing PDF | (2020:07:51522:0:2:REVIEW 13 Aug 2020)



PeerJ Manuscript to be reviewed

Figure 1

Life history of Chinese cordyceps.
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Figure 1: Life history of Chinese cordyceps.

(A) The eggs of the host insect scattered on the grassland incubate. (B) The host
larvae safely reside in the soil throughout the long-lasting larval stage. (C) The
ascospores erupt from mature fruiting bodies of Chinese cordyceps. (D) The 4-5th
instar larvae may be infected by infective conidia of the Chinese cordyceps fungus in
the soil. (E) The caterpillar-shaped sclerotium (winter-worm) formed. (F) The stroma
germinates out of the head capsule and the mature Chinese cordyceps

(summer-grass-winter-worm) formed.
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Figure 2 (on next page)

Chromatograms obtained in quantification by HPLC-ICP-MS.
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Figure 2. Chromatograms obtained in quantification by HPLC-ICP-MS.

(A) The mix standards of AsB, DMA, ASHI, MMA and Asv, at 10 ppb of each arsenic
species. (B) and (C) This was extracts of SC and ST collected from site B,
respectively. The As™ and the other unknown peaks were overlapped. (D) and (E)
This was oxidation products of the extracts of SC (B) and ST (C), the As™ was
transformed into As’ when the extracts was added with H,0,. (F) This was extract of
soil sample collected from site B. (G) This was oxidation products of the extracts of

soil sample (F).
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Figure 3(on next page)

The abundances of As species in soli, SC, and ST. (mg/kg).
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Figure 3. The abundances of As species in soli, SC, and ST (mg/kg).

(A) This was the concentration of As speciation. The most toxic iAs (mAsIIl and
AsV) were shown in red and orange sections, the low toxic As ( MMA and = DMA)
were in light and dark orange sections, the non-toxic As (MAsB and HoAsU) were in

green sections and the unextractable arsenic were in purple sections (muAs). (B) This
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was the variation of iAs/oAs ratio from SC to stroma ST. (C) This was the variation

of AsV/AslII ratio from sclerotium SC to stroma ST.
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Table 1l(on next page)

Concentrations® of arsenic speciation (mg/kg).
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Table 1:

Concentrations? of arsenic speciation (mg/kg).

Sample Dry Weight ~ AsBP DMA MMA 0AsU AsII AsV iAs tAs
(®
SCa 32 0.11£0.01 nd¢ nd 5.06+0.6 0.24+0.02 0.09+0.01 0.33£0.02  5.50+0.58
SCgp 3.0 0.10+0.01 nd nd 4.22+0.55 0.23+0.02 0.09 £0.00 0.32+0.02 4.64+0.54
SCc 2.5 0.13+0.02 nd nd 5.14+0.42 0.31£0.01 0.1+0.01 0.41£0.01 5.68+0.44
STa 1.1 nd nd nd 0.77 0.07 0.19 0.26 1.03
ST 1.1 0.01 0.01 nd 0.85 0.07 0.19 0.26 1.13
STc 1.0 nd nd nd 0.63 0.07 0.12 0.19 0.82
A 0.3 0.04+0.01 0.03+0.02 nd 3.75+0.25 0.62+0.15 8.91+0.35 9.54+0.21 16.31+1.82
B 0.2 0.03+0.01 0.04+0.01 nd 2.06+0.26 0.74 £0.07 7.46+0.25 8.20+0.18 13.03£1.00
C 0.2 0.03+0.01 0.04+0.03 nd 2.88+0.29 0.66+0.03 9.26+0.39 9.92 £0.37 15.72+1.57

2 Concentrations were presented in SCpp,c and soil (A/B/C) as mean + standard deviation, concentrations were
presented in STapc as the average value; ® AsB, DMA, MMA, o0AsU, AsIl, AsV, iAs, and tAs were the

abbreviation of arsenobetaine, dimethylarsenic acid, monomethylarsonic acid, unknown organic arsenic, arsenite,

arsenate, inorganic arsenic (total) and total arsenic, respectively; ¢ not detected.
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Table 2(on next page)

Non-carcinogenic average daily exposure doses of As in soil. (mg/kg-d)
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1 Table2:

2 Non-carcinogenic average daily exposure doses of As in soil. (mg/kg-d)

Site ADD,,, ADD,,, ADD gomai ADD 1
Adults Children  Adults  Children Adults Children  Adults  Children
A 2.8E-05 20E-04 32E-09 56E-09 7.0E-10 32E-10 28E-05 2.0E-04
B 22E-05 16E-04 25E-09 45E-09 56E-10 25E-10 22E-05 1.6E-04

C 27E-05 19E-04 3.1E-09 54E-09 6.7E-10 3.0E-10 27E-05 1.9E-04

O 0 9 N Lt AW

10
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Table 3(on next page)

Carcinogenic average daily exposure doses of As in soil. (mg/kg-d)
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1  Table 3:
2 Carcinogenic average daily exposure doses of As in soil. (mg/kg-d)

3
4 ADDing ADDinh ADDdermal ADDtotal

Stte — dults Children  Adults _ Children  Adults  Children  Adults _ Children
A 96E-06 1.7E-05 1.1E-09 48E-10 24E-10 27E-11 9.6E-06 1.7E-05
B 77E-06 13E-05 17E-09 38E-10 19E-10 22E-11 7.7E-06 13 E-05
C 92E-06 1.6E-05 1.1E-09 46E-10 23E-10 26E-11 92E-06 1.6E-05

O 0 3 O W
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Table 4(on next page)

Index of carcinogenic risk and non-carcinogenic risk.
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Table 4:
Index of carcinogenic risk and non-carcinogenic risk.
Site  Groups  HQe  HQim HQOuorma  HI CRing CRinn CR jormat CRy
A Adults 0.09 2.59E-05 2.32E-06 0.09 1.4E-05 4.69E-12 3.58E-10 1.4E-05
Children 0.66 4.54E-05 1.05E-06 0.66 2.5E-05 2.06E-12 4.05E-11 2.5E-05
B Adults  0.07 2.07E-05 1.85E-06 0.07 1.1E-05 3.74E-12 2.86E-10 1.1E-05
Children 0.52 3.63E-05 8.38E-07 0.52 2.0E-05 1.65E-12 3.23E-11 2.0E-05
C Adults  0.09 249E-05 2.23E-06 0.09 1.4E-05 4.52E-12 3.45E-10 1.4E-05
Children 0.63 4.38E-05 1.01E-06 0.63 2.4E-05 1.99E-12 3.90E-11 2.4E-05
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