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Abstract: Scrophularia ningpoensis Hemsl. holds a prominent place among Chinese medicinal herbs.
Assessing the soil-plant system of its origin is crucial for ensuring medication safety. Although
some trace elements are essential for the normal functioning of living organisms, exposure to higher
concentrations is harmful to humans, so in order to assess the possible health risk of trace elements
in the soil-plant system of Scrophularia ningpoensis Hemsl. origin for human assessment, we used
non-carcinogenic risk (HI) and carcinogenic risk (CR) for their evaluation. In this paper, the following
trace elements were studied in the soil-Scrophularia ningpoensis Hemsl. system: manganese (Mn), iron
(Fe), cobalt (Co), zinc (Zn), selenium (Se), molybdenum (Mo), arsenic (As) and lead (Pb). Correlation
and structural equation analyses showed that the effect of soil in the root zone on the plant was much
greater than the effect of soil in the non-root zone on the plant. The single-factor pollution index
(Pi) showed that the soil in the production area of Scrophularia ningpoensis Hemsl. was polluted to a
certain extent, notably with Pb showing the highest average Pi values of 0.94 and 0.89 in the non-root
and root zones, respectively. Additionally, the Nemerow composite pollution indices (PN) for both
zones indicated an alert range. Regarding health risks, exposure to soil in the non-root zone posed
higher non-carcinogenic risk (HI) and carcinogenic risk (CR) compared to the root zone, although
neither zone presented a significant carcinogenic risk. The potential non-carcinogenic risk (HI) and
carcinogenic risk (CR) from consuming Scrophularia ningpoensis Hemsl. leaves and stems were more
than ten times higher than that of roots. However, the carcinogenic risk (CR) values for both the soil
and plant of interest in the soil- Scrophularia ningpoensis Hemsl. system did not exceed 1074, and
therefore no significant carcinogenic risk existed.

Keywords: trace element; risk assessment; Scrophularia ningpoensis Hemsl.; Chinese herbal medicines

1. Introduction

Trace elements serve as the essential building blocks necessary for the normal growth
and development of both plants and animals. They actively partake in critical material
metabolic processes within organisms, contributing significantly to vital physiological
and biochemical functions [1,2]. However, some of the trace elements are highly toxic
to humans, such as arsenic and lead. Heavy exposure to these toxic elements can have
negative effects on human health, such as cancer and neurological damage [3]. Lead can
accumulate in the gray matter of the brain, damaging not only neurons and their dendrites
and synapses, but also red blood cells [4]. In addition, arsenic and lead may also affect DNA
and its regulatory mechanisms (IARC) and are therefore classified as known or probable
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human carcinogens [5]. It has been shown that moderate concentrations of zinc can improve
seed germination, but high concentrations of zinc can inhibit plant growth [6]. Moderate
amounts of iron can prevent or hinder protein pathology [7]. When manganese is deficient
in animals, it interferes with normal growth rates [8]. Molybdenum may interfere with
the balance of calcium and phosphorus in the animal’s body, leading to bone damage [9].
Overall, some of the micronutrients act as essential nutrients for plants and animals and
they are important for their physiological and biological functions; however, their increased
intake above certain permissible limits may be toxic [10].

The production of Chinese herbal medicines significantly contributes to the global
agricultural economy, witnessing a consistent increase in market demand each year. These
herbs possess the ability to absorb pollutants, either from the soil through their roots or from
the air by accumulating pollutants on their leaves [11,12]. Human consumption of these
contaminated Chinese herbs elevates the risk of diseases. Scrophularia ningpoensis Hemsl.
stands as a widely used Chinese herbal medicine, with people utilizing its dried root as an
anti-inflammatory agent to address fever, swelling, sore throat, and constipation [13-15].
Due to its high medicinal value, the market demand for Scrophularia ningpoensis Hemsl.
has been consistently rising. However, the relentless pursuit of high yields and efficiency
in agricultural production, alongside environmental factors, renders crops vulnerable to
contamination by trace elements, aflatoxins, and pesticides [16]. Specifically, trace element
pollution leads to a decline in crop quality, posing serious threats to both human lives
and health, as well as the ecological environment [17]. Furthermore, it adversely impacts
the wholesome development of the Chinese herbal medicine industry. Consequently,
evaluating the health risks associated with trace elements present in the soil and plants
originating from Scrophularia ningpoensis Hemsl. becomes exceptionally crucial.

Numerous studies have evaluated the risks associated with human exposure to trace
elements in soil and crops across various countries [18-20]. However, there is a notable
absence of studies addressing the concurrent risk of human exposure to trace elements in
soil and Chinese herbal medicines. In papers on risk evaluation, there are fewer studies that
talk about the root zone and non-root zone, so we measured soil samples from the non-root
zone and the root zone to discuss the differences between the two. At the same time, we
used structural equation modeling to explore the relationship between trace elements in
different tissue sites in the soil-Scrophularia ningpoensis Hemsl. system. Building upon this
gap, the current study aimed to investigate trace elements present in soils and Scrophularia
ningpoensis Hemsl. plants sourced from production areas, with specific objectives: (1) to
assess the contamination status of trace elements (Mn, Fe, Co, Zn, Se, Mo, As, and Pb) in
Scrophularia ningpoensis Hemsl. production areas; (2) to evaluate the accumulation of trace
elements in Scrophularia ningpoensis Hemsl. tissues (roots, stems, and leaves), alongside
an analysis of potential health risks posed by these trace elements to consumers; and
(3) to explore the transport and transformation characteristics of trace elements within
the soil-Scrophularia ningpoensis Hemsl. system. The outcomes of this study are expected
to provide valuable insights for optimizing planting structures within Chinese herbal
medicine production areas.

2. Materials and Methods
2.1. Overview of the Study Area

The study area encompasses Daozhen County in Southwest China, positioned in
the northern region of Guizhou Province. It resides within a slope area that marks the
transition from the Yunnan-Guizhou Plateau to the Sichuan Basin, situated between
107°21-107°51" E longitude and 28°36'-29°13' N latitude. Daozhen County spans a ju-
risdictional area of 2157 square kilometers and features a landform characterized by so-
lifluction, erosion, low-mountain peaks, and troughs. The region predominantly exhibits
carbonate rocks, representing a typical example of karst geomorphology.

The climate in this area falls under the subtropical humid monsoon category, offering
mild winters without severe cold and comfortable summers without scorching heat. The
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average annual temperature stands at 16 °C, accompanied by an annual rainfall ranging
between 800-1400 mm [21].

2.2. Sample Collection and Pretreatment

In Daozhen County, Southwest China, a representative and typical production area
of Scrophularia ningpoensis Hemsl. was chosen for sampling. Soil samples were gathered
from both the root zone and non-root zone, with an overview of the sampling site depicted
in Figure 1. GPS was used to record the location of sampling points. A total of 68 soil
surface samples (0—20 cm) were collected using the quadrat method, of which 34 were
from the non-root zone and 34 from the root zone. Root zone samples were collected from
within a 0-20 cm radius of the stem, while non-root zone samples were collected from
within a 20-40 cm radius around the stem of Scrophularia ningpoensis Hemsl. Meanwhile,
102 samples of Scrophularia ningpoensis Hemsl. were collected correspondingly, including
34 roots, 34 stems and 34 leaves. The collected soil samples and Scrophularia ningpoensis
Hemsl. plant samples were pre-treated and then analyzed for testing. Randomness was
noted throughout the collection process. Soil trace elements (Mn, Fe, Co, Zn, Se, Mo,
As, and Pb) were dissolved using a mixture of 5 mL HFE, 8 mL HNOj3, and 2 mL HCIOj.
Trace elements within Scrophularia ningpoensis Hemsl. plants were digested using 8 mL
HNO;3 and 2 mL HCIO4. Soil and plant samples were digested as follows: 80 °C for
10 min—100 °C for 20 min—120 °C for 30 min—150 °C for 60 min—180 °C for 90 min—
180 °C for 90 min—continuously 180 °C to a transparent color (1~2 mL left over from the
digestion), cooled down, removed and poured into a glass digestion tube with deionized
water and fixed to a scale of 50 mL to be measured. Each experiment was conducted
in duplicate (standard deviation < 5%), and three reagent blanks were included. Three
standard substances were used for both plants and soil, with soil standard reference material
being GBW07405a (GSS-5a) (https:/ /www.ncrm.org.cn/English/CRM/pdf/GBW07405_2
0160301_135939974_1704880.pdf, accessed on 25 April 2024) and plant standard reference
material being GBW10015 (GSB-6) (https://www.ncrm.org.cn/English/CRM/pdf/GBW1
0015_20160301_143135112_1756484.pdf, accessed on 25 April 2024). The recovery rate
of standard substances ranged from 90.3% to 105.6%. The trace elements in soil and
plants were digested in a graphite digestion furnace [Haineng Future Technology Group
Co. (SH230N)] and the trace element content in soil and plants was determined using
inductively coupled plasma mass spectrometry ICP-MS [Perkin Elmer (NexION 2000)].
Samples for determination of ICP-MS are analyzed at room temperature with less than
5% acidity, Gas purity: helium (purity > 99.999%) and argon (purity > 99.996%), Analysis
speed: Analysis speed: >20 samples/hour. The carrier gas flow rate was 1.17 L/min, the
gas mixture flow rate was 5.0 mL/min, the plasma RF power was 1300 W, the plasma flow
rate was 15.0 L/min, the temperature of the atomization chamber was 2 °C, the integration
time was 0.1 s, and the peristaltic pump speed was 30 r/min.

2.3. Evaluation Methodology
2.3.1. Bioconcentration Factor (BF)

In this study, the bioconcentration factor (BF) was used to characterize the enrichment
ability of Scrophularia ningpoensis Hemsl. plants for soil trace elements, which was calculated
as [22]

BF = Cplant/Csoil 1

where Cpant represents the heavy metal content in plant (mg.kg_l, dry weight) and Cg;
represents the total heavy metal content in the corresponding soil sample (mg.kg~!). In
this study, because two types of soils, root zone and non-root zone, were involved, we used
root zone soils, which are in direct contact with plants, to calculate the bioconcentration
factor (BF).
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Figure 1. Map of the study area.

2.3.2. The Single Factor Pollution Index (P;) and Nemerow Integrated Pollution Index (PN)

The single factor pollution index (P;) was used to assess the heavy metal contamination
status of these Scrophularia ningpoensis Hemsl. soils [23]. The equation is as follows:

P; =Gi/5 )

where C; is the individual heavy metal concentration in soil (mg kg ') and S; is the reference
concentration of each metal in soil (risk screening values for heavy metal contamination
of agricultural land in China, GB 15618-2018 https:/ /www.mee.gov.cn/ywgz/fgbz/bz/
bzwb /trhj/201807/t20180703_446029.shtml, accessed on 25 April 2024, pH > 5.5). To
evaluate the overall contamination status of the Scrophularia ningpoensis Hemsl. soil samples,
the Nemerow integrated pollution index (PN) was used in the present research. The PN
can be calculated as follows:

PN = | (Pluax + Phve ) /2] 2 ®)

where Pjn,x is the maximum value of P; of all heavy metals considered in the present
research and Pj,ye is the average value. The pollution level was categorized into clean
(P; < 1.00), mildly polluted (1.00 < P; < 2.00), moderately polluted (2.00 < P; < 3.00), and
heavily polluted (P; > 3.00) based on the size of P;. The pollution level was categorized into
safe (PN < 0.70), alert limit (0.70 < PN < 1.00), light pollution (1.00 < PN < 2.00), medium
pollution (2.00 < PN < 3.00) and heavy pollution (PN > 3.00) based on the size of PN [24].

2.3.3. Health Risk Assessment Indices

As for health risk assessment along the pathway of “soil-to-human”, we calculated
the direct intake of soil via ingestion, D (mg-TE-kg~!-BW-d ~1):

IngR-EF-ED

10—6
BW-AT 10 @)

Dg = Cs-
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where IngR = Ingestion rate (100 mg-d ~!); EF = Exposure frequency (350 d-yr—!); ED = Exposure
duration (30 yr); BW = Body weight (70 kg); AT = Averaging time (ED x 365 d = 10,950 d);
10~ is for unit conversion.
Subsequently, the non-carcinogenic risk was quantified with the use of the Hazard
Quotient (HQ):
HQg = Ds/RfDy ®)

where RfDy (mg-TE-kg~!-BW-d 1) is the reference dose of oral human intake. The values
of RfDy values used in this work are shown for each studied TE in Appendix A.
Also, HI, accounting for the corporate risk of all TEs combined:

HIg = ) "(HQs) (6)

where HQg is the risk of all studied soil TEs. It must be noted that HQ > 1 indicates
significant risk to human health, while HQ < 1 indicates that TE intake is not harm-
ful. Similar is the case for HI. Human intake related to food consumption, Dy (units,
mg-TE-kg~1-BW-d 1), was calculated as follows:

MIDVC-EF-ED

—6
BW-AT 10 @

Df = Cp-
where Cr is TE concentrations in food (units mg kg ! fresh food), and MIDVC is the mean
individual daily food consumption, taken equal to 600 (mg-d 1) [25].

Further, we calculated food-induced Hazard Quotient (HQF):

HQy = Dg/TDI ®)

where TDI is the element maximum tolerable daily intake (units, mg-TE-kg’1 BW-d1).
The values for TDI used in this work are reported in Appendix A [26].

Also food-related Hazard Index (HIg) was calculated in order to account for the total
risk of all individual TEs combined, as follows:

HIg = ) (HQy) )

2.3.4. Indices Related to Carcinogenic Risks

Cancer risk (CR, unitless) is based on the human intake values. For soil-related CR,

IngR-EF-LT

CRs = Cs —pW AT

-107°-OSF (10)
where OSF is the oral (e.g., ingestion) slope factor. The OSF for As and Pb used in the our
study were 1.5 and 0.0085 (mg-kg~!-day—!)~!. LT = Lifetime (70 yr) [26].

For food-related CR,

MIDVC-EF-LT

. _6.
Swap 10 *OSF (11)

CRf = C-
A CR is considered acceptable if value is lower than 10~%, while the risk is significant
when CR is higher than 1074

2.4. Data Analysis

The experimental data underwent pre-processing using Excel 2016 and subsequent
analysis using SPSS 19.0. Analysis of variance was conducted, and multiple comparisons
were carried out using the LSD method at a significance level of p < 0.05. The data were
visualized using Origin 2022, RStudio 2022, and ArcGIS 10.8.
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3. Results

3.1. Characteristics of Soil Trace Element Content in Root and Non-Root Areas of Scrophularia
ningpoensis Hemsl. Origin

Distinct differences were observed in the characteristics of soil trace element content
within Scrophularia ningpoensis Hemsl. production areas (refer to Figure 2). The quantities
of Fe, Mo, As, and Pb elements exhibited higher levels in the root zone compared to the
non-root zone. Conversely, Mn, Co, Zn, and Se displayed higher concentrations in the non-
root zone compared to the root zone. However, these variations did not achieve statistical
significance at the p < 0.05 level for all elements.

b C
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Figure 2. Characteristics of soil trace element contents in non-root and root zones. Note: Figures
(a) Mn), (b) (Fe), (c) (Co), (d) (Zn), (e) (Se), (f) (Mo), (g) (As), and (h) (Pb) represent examined the
trace elements. NRZS denotes non-root zone soil, and RZS denotes root zone soil.

3.2. Characteristics of Trace Element Contents in Roots, Stems, and Leaves of Scrophularia
ningpoensis Hemsl. Plants

Significant variations were observed in the trace element contents across different
parts of Scrophularia ningpoensis Hemsl. plants (refer to Figure 3). The content levels of
Mn, Fe, Co, Zn, As, and Pb exhibited a pattern of leaf > stem > root. Specifically, the leaf
content was markedly higher than both stem and root levels (p < 0.05). Notably, the root
and stem contents displayed significant differences only in As and Pb levels (p < 0.05), Se
was significantly higher in roots than in stems and leaves (p < 0.05).
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Figure 3. Characteristics of trace elements in roots, stems, and leaves of Scrophularia ningpoensis
Hemsl. Plants. Note: Figures (a) (Mn), (b) (Fe), (c) (Co), (d) (Zn), (e) (Se), (f) (Mo), (g) (As), and
(h) (Pb) represent examined the trace elements.

3.3. Enrichment Factor (BF) of Roots, Stems, and Leaves of Scrophularia ningpoensis Hemsl.

Table 1 displays the bioconcentration factor (BF) of roots, stems, and leaves of Scro-
phularia ningpoensis Hemsl. Notably, Mn, Zn, and Mo exhibited the strongest enrichment
effect in the roots, with an average BF of 0.03. Conversely, Pb demonstrated a weaker effect,
nearly averaging a BF of 0. The highest BF for Pb in the stems and leaves of Scrophularia
ningpoensis Hemsl. were 0.05 and 0.25, respectively. Furthermore, the enrichment coeffi-
cients of elements in leaves were generally higher compared to those in roots and stems,
except for Mo. This indicates that, excluding Mo, the enrichment coefficients of all elements
in leaves surpassed those in roots and stems, signifying the strongest enrichment effect
in leaves.

Table 1. Bioconcentration factor of roots, stems, and leaves of Scrophularia ningpoensis Hemsl.

Place Statistics Mn Fe Co Zn Se Mo As Pb
Maximum 0.04 0.02 0.05 0.05 0.09 0.09 0.02 0.02
Root Minimum 0.01 0.00 0.01 0.01 0.00 0.01 0.00 0.00
Mean 0.03b 0.01" 0.02b 0.03P 0.022 0.03b 0.01¢ 0.00
Standard Deviation 0.01 0.00 0.01 0.01 0.03 0.02 0.00 0.01
Maximum 0.09 0.03 0.03 0.07 0.01 0.03 0.04 0.09
Stem Minimum 0.02 0.01 0.01 0.02 0.00 0.00 0.00 0.00
Mean 0.04b 0.02b 0.02b 0.04 0.00° 0.00° 0.02° 0.05°
Standard Deviation 0.02 0.01 0.01 0.02 0.00 0.01 0.01 0.02
Maximum 0.29 0.10 0.11 0.10 0.01 0.22 0.10 0.44
Leat Minimum 0.03 0.02 0.02 0.05 0.00 0.01 0.02 0.16
Mean 0.172 0.052 0.052 0.072 0.00° 0.07 0.052 0.252
Standard Deviation 0.08 0.03 0.03 0.02 0.00 0.07 0.02 0.09

Note: Different lowercase letters indicate significantly different enrichment coefficients of the same element in
roots, stems, and leaves (p < 0.05).
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3.4. Analysis of Single-Factor and Combined Pollution in Scrophularia ningpoensis Hemsl. Soils

This study calculated the single-factor pollution index (Pi) for three trace elements—
Zn, As, and Pb—in the soil. The findings revealed that the average Pi values for these three
trace elements were below 1.0. Notably, among them, Pb exhibited the highest average Pi
values in both non-root (0.94) (Figure 4a) and root zones (0.89) (Figure 4b). For each of the
three soil samples in the non-root and root zones, Pi values for Pb exceeded 1.0, indicating
contamination in these specific samples. The contaminated sample percentage reached
21.4% (Figure 4c), suggesting a certain degree of soil contamination in the Scrophularia

ningpoensis Hemsl. origin.

1.2 Zn(Pi) 1.2 Zn(Pi)
: [ ] AsPi) ) As(Pi)
Pb(Pi) 0.94 Pb(Pi) 0.89
1.04+—1pn , 1.0  1.04+—pn 1.0
0.8 0.81 08 0.84
©7 0.64 ©7
T 0.7 0.62 0.7
0.6 0.6
0.4 1 0.4 1
0.2 - 0.2 -
0.02 0.03
0 = T T 0 = T T
Zn(Pi) As(Pi) Pb(Pi) PN Zn(Pi) As(Pi) Pb(Pi) PN
I Clean
[ Mildly polluted

Figure 4. Single-factor pollution index (Pi) and combined pollution index (PN) of soil in non-root
and root zones. Note: Figures (a,b) depict non-root zone and root zone soils, respectively. Figure
(c) illustrates the percentage of contaminated soil.

The combined pollution index (PN) for the non-root and root zone soils were 0.81 and
0.84, respectively. These values surpassed 0.7 but remained under 1.0, falling within the
warning range. While not indicating severe trace element pollution, the values warrant
attention, signaling a situation worthy of caution.
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3.5. Hazard Coefficients (HQ) for Trace Elements in the Soil-Scrophularia ningpoensis
Hemsl. System

The HQs and HQp values of trace elements are shown in Table 2. In our study, among
the individual trace elements contributing to soil-related risks, it was observed that HQg
for As ranked the highest in both the non-root and root zones (1.17 x 10~* and 1.14 x 1074,
respectively). Regarding food-related risks, HQF for Fe dominated in roots and stems
(3.63 x 10~%and 7.33 x 107, respectively), while HQp for Pb was notably higher in leaves
(3.52 x 1079).

Table 2. Associated HQ Values in Soil-Scrophularia ningpoensis Hemsl. System.

HQ Place Statistics Mn Fe Co Zn Se Mo As Pb
Maximum 161 x 105 890 x 10~°  2.35x 105 1.86 x 10~8 116 x10° 614x 107 151 x10* 282 x 1075
Minimum 549 x 1076 555 x 10°  1.06 x 1075 6.72 x 10~° 588 x 1077 198 x 107 1.04x107* 213 x 1075
Non-root
ON-TOOLZONE N fean 1061075 693 x10° 1.63x1075 1.35x 1078 910 x 1077 420x 107 117x107* 257 x 1075
Standard -6 -5 -6 9 -7 -7 -5 -6
o D 32210 1.08 x 10 3.35 x 10 440 x 10 172 x 10 141 x 10 141 x 10 1.88 x 10
S
Maximum — 1.67 x 105 877 x 10~° 228 x 10°5 225 x 108 132x 1076 588x107 154x10% 293 x10°°
Minimum 590 x 106 567 x 10° 120 x 1075  9.34 x 10~° 405%x 1077 193 x107 928x10°° 128 x 1075
Root zone Mean 107 x 1075 684x10° 1.69x 1075 156 x 108 928 x 1077  366x107 114x107* 245x 107
Sggf}g‘:ffn 361 %106 1.10x10°° 3.69 x 1076 377 x 10° 236 x 107 131 x107 156 x 1075  4.01 x 106
Maximum 281 x 106 636 x 10 380 x 1076 4.33 x 10~° 4241077 311x107 347 x10°° 249 x 1076
Minimum 850 x 107 229 x 10°  7.88 x 10~7  1.15 x 10~° 0.00 185 x 108 7.79 x 107  0.00
Root Mean 146 x 105 363x10° 164x 1076 281 x 1079 124x 107  735x10°° 158 x 1076 577 x 1077
SDt;‘i‘gi‘fgn 492x1077  115x 1076  722x 107 948 x 1010 162 x 107 723 x 107 779 x 1077 7.62 x 107
Maximum 338 x 106  122x 10~° 303 x 1076  6.27 x 10~ 760 x 1078 731x 10~ 976 x 1076 9.49 x 106
Minimum 151 x 106 381 x 10 1.03x 1076  1.40 x 10~° 0.00 0.00 217 x 107 3.75x 107
H t
Qe Stem Mean 245%x 1076 7.33x10°° 208 x10°¢ 341 x10°° 186 x 10  111x10°° 434x 1076 693 x 107
Standard _7 _ _7 9 iy iy 6 6
D 659 x 10 267 %1076 598 x 10 1.35 x 10 2.76 x 10 220 x 10 3.00 x 10 2.36 x 10
Maximum  1.68 x 105 500 x 10°  1.10 x 10°5  8.95 x 10~° 637 x 1078 400 x 107 229 x 10~° 528 x 10~5
Minimum 326 x 1076 6.80 x 10 235 x 106 458 x 10~° 0.00 115 x 108 479 x 106 223 x 1075
Leaf
€a Mean 957 x 1076 190 x 10° 487 x 1076 6.36 x 10~° 135x 10  141x 107 108 x 105 352 x 1075
Standard -6 -5 -6 —9 -8 -7 -6 -6
D 382x 10 1.31 x 10 2.79 % 10 1.39 x 10 237 x 10 131 x 10 5.09 x 10 8.55 x 10

3.6. Evaluation of Non-Carcinogenic Risk in Scrophularia ningpoensis Hemsl. Soil and Plant

The health risk (HI) values for soil in both the non-root and root zones, and across
various parts (roots, stems, and leaves) of the Scrophularia ningpoensis Hemsl. plant from its
origin, displayed variations (Figure 5a). In the soil, the HI value was higher in the non-root
zone (2.40 x 10~%) than the root zone (2.35 x 10~4), with the non-root zone accounting for
50.6% of the total HI value of the soil (Figure 5c). For the plants, leaves (7.96 x 10~°) exhib-
ited the highest HI, followed by stems (2.23 x 10~°), and roots (8.51 x 10~°). Consumption
of leaves and stems could pose a risk approximately ten times higher than consuming
roots (Figure 5a). Specifically, the HI value for leaf consumption represented 71.5% of the
total HI value of the plant (Figure 5d). The total health risk HI value, a cumulative sum of
individual trace element HQ values, was depicted in Figure 5b, totaling 4.76 x 10~# for
soil uptake and 1.11 x 10~* for Scrophularia ningpoensis Hemsl. plants.
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Figure 5. Hazard indices for direct soil exposure and food uptake associated with non—carcinogenic
human health risks of trace elements in Scrophularia ningpoensis Hemsl. Production Areas. Note:
Figure (a) represents the health risk (HI) values for soil and Scrophularia ningpoensis Hemsl. plants
(roots, stems, and leaves) in the non—root zone and root zone, Figure (b) illustrates the total health
risk (HI) values for soil and Scrophularia ningpoensis Hemsl. plants, while Figures (c,d) indicate the
percentage of health risk (HI) in soil and plants, respectively.

3.7. Evaluation of Carcinogenic Risk in Scrophularia ningpoensis Hemsl. Soil and Plant

Figure 6 presents the carcinogenic risk (CR) values in the soil and plants originating
from Scrophularia ningpoensis Hemsl. The mean CRg values for element As in the soil of
both non-root and root zones were 5.28 x 10~° and 5.11 x 1075, respectively. Although
these values were higher than 107°, they remained below the significant threshold of
1074, indicating no substantial carcinogenic risk. However, their values being higher than
10~° warrant attention. For element Pb in the soil of both zones, the mean CRg values were
below 10~ across all samples, indicating no carcinogenic risk. Regarding CRf values, for
element As in roots, stems, and leaves of Scrophularia ningpoensis Hemsl. plants, the mean
values were 2.37 x 107¢,6.54 x 107°, and 1.61 x 1072, respectively. These values remained
below 10~4, signifying no significant carcinogenic risk. Similarly, the mean CR values of
elemental Pb in roots, stems, and leaves were 1.72 x 1078, 2.06 x 1077, and 1.05 x 107°,
respectively, all below 104, indicating no substantial carcinogenic risk existed.
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Figure 6. Carcinogenic risk (CR) from direct soil contact and food intake. Note: Figures (a—e) represent

non—root zone soil, root zone soil, Scrophularia ningpoensis Hemsl. root, Scrophularia ningpoensis Hemsl.

stem, and Scrophularia ningpoensis Hemsl. leaf, respectively.

3.8. Correlation Analysis of Micronutrient Contents in Non-Root Zone, Root Zone Soils, and
Scrophularia ningpoensis Hemsl. Plants (Root, Stem, and Leaf)

In order to explore the correlation of trace element contents in non-root zone, root

zone soils and Scrophularia ningpoensis Hemsl. plants (roots, stems and leaves), correlation
analyses were carried out, and the results are shown in Figure 7. In non-root zone soils,
significant correlations (p < 0.05) were found between Mn (NRZS) and Mo (Leaf), Zn (NRZS)
and Zn (Leaf), Se (NRZS) and As (Leaf), and As (NRZS) and Zn (Stem) were significantly
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correlated (p < 0.05). In root zone soil, significant correlations (p < 0.05) were found between
Fe (RZS) and Zn (Root), Zn (RZS) and Mo (Stem), Mo (NRZS) and Mn (Root), As (RZS) and
Pb (Root), As (RZS) and Se (Stem), and As (RZS) and Se (Leaf), and Se (RZS) was highly
significantly correlated (p < 0.01) with Mn (Root). Overall, the correlation between root
zone and plant roots, stems and leaves was greater than that between non-root zone and
plant roots, stems and leaves.
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Figure 7. Correlation analysis of trace element contents in non-root zone, root zone soil and Scro-
phularia ningpoensis Hemsl. plants (roots, stems and leaves) of Scrophularia ningpoensis Hemsl. Note:
Figure (a) represents the correlation analysis of trace element contents in soil of non-root zone and
Scrophularia ningpoensis Hemsl. plants (roots, stems and leaves); Figure (b) represents the correlation
analysis of trace element contents in soil of root zone and Scrophularia ningpoensis Hemsl. plants
(roots, stems and leaves). Note: * indicates significant level p < 0.05; ** indicates significant level
p < 0.01; *** indicates significant level p < 0.001.
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In this study, eight trace elements were involved, but the importance of these eight
trace elements varied greatly in the soil and in different parts of the Scrophularia ningpoensis
Hemsl. plant. Therefore, we used principal component analysis to screen out some elements
with stronger importance. According to the cumulative contribution greater than 70% as the
screening index, the screening results were shown in Table 3. Structural equation modeling
was then utilized to explore the interrelationships among these elements overall, and the
outcomes are presented in Figure 7.

Table 3. Principal component analysis screening results.

Place Trace Element
Non-root zone soils Co, Mo

Root zone soils Fe, Co, Pb
Root Mn, Fe, Pb
Stem Co, Zn

Leaf Co, As

Significant relationships were observed between non-root zone soils, root zone soils,
and plant components (roots, stems, and leaves) in both directions (Figure 8). A notable neg-
ative correlation of —0.63 existed between non-root zone soil and root zone soil, signifying a
strong antagonistic relationship between these soil elements. The path coefficients between
the non-root zone soil and the plant (roots, stems and leaves) were all small although the
effects were significant, the largest being the path coefficient between the non-root zone
soil and the plant roots (0.20). The path coefficients between root zone soil and plant roots,
stems, and leaves were 0.21, —0.51, and —0.75, respectively, and these path coefficients
were much higher than the path coefficients between non-root zone soil and plants (roots,
stems, and leaves), and this result indicates that the effect of root zone soil on plants is
much greater than the effect of non-root zone soil on plants. An interaction was noted
among plant roots, stems, and leaves, with a path coefficient of —0.54 between roots and
leaves, indicating a strong negative effect. The path coefficient between roots and stems
was 0.24, suggesting a moderate positive effect. The path coefficient between stems and
leaves was 0.55, signifying a strong positive relationship between these plant elements.

S
n
N

’

Leaf

S
SL0-

Root
zone soils

Fe | Co | Pb

Non-root
zone soils

Co Mo

Figure 8. Structural equation modeling of trace element contents in non—root zone, root zone soil,
and Scrophularia ningpoensis Hemsl. plants (root, stems and leaves). Note: Pink represents a negative
correlation and green represents a positive correlation.
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4. Discussion

Trace elements found in plants primarily originate from the root zone soil [27]. Vari-
ations in trace element contents within plants may stem from the diverse enrichment
capacities seen across different trace elements within the same plant and among its various
parts. This study revealed that the levels of Mn, Fe, Co, Zn, Mo, As, and Pb in the leaves
of Scrophularia ningpoensis Hemsl. were notably higher than those in its stems and roots
(p < 0.05). Furthermore, the enrichment coefficients for Mn, Fe, Co, Zn, Mo, As, and Pb
in the leaves were significantly greater compared to the roots and stems of Scrophularia
ningpoensis Hemsl., signifying a robust enrichment potential in the leaves for these trace
elements. This emphasizes the stronger impact of Scrophularia ningpoensis Hemsl. leaves
on Mn, Fe, Co, Zn, Mo, As, and Pb enrichment. In addition, correlation analysis and
structural equation analysis of micronutrient contents of non-root zone soils, root zone
soils and different parts of Scrophularia ningpoensis Hemsl. showed that root zone soils had
a significantly higher effect on Scrophularia ningpoensis Hemsl. plants than non-root zone
soils. The path coefficients between roots and leaves (—0.54) and stems and leaves (0.55)
revealed antagonistic effects between elements in roots and leaves and synergistic effects
between elements in stems and leaves [28]. This variance might contribute significantly
to the different trace element contents observed in distinct plant parts. Studies have high-
lighted that the relationship between elements in soil and plant parts often varies, leading
to diverse elemental expressions in both the soil and the plant [29].

Given the potential for certain trace elements to accumulate in the edible parts of crops
via the food chain [30,31], increased scrutiny of trace element content and health risks in
various agricultural products within the study area is crucial. Findings from this study
revealed Pi values exceeding 1.0 in three samples each of non-root and root zone soils, with
contaminated samples accounting for 21.4%. Meanwhile, the combined contamination
index PN of non-root and root zone soils fell between 0.7 and 1.0, indicating an alerting
contamination level in the soil of the Scrophularia ningpoensis Hemsl. production area,
characterized by a certain degree of micronutrient contamination. Notably, none of the
samples, whether soil or plant, produced a health risk index (HI) higher than 1. This
outcome markedly contrasts with similar studies; for instance, Tang et al. [32] reported a
median HI of 1.40, Li et al. [33] found a HI of 2.45, Jiang et al. [34] recorded an HI of 3.62,
and Antoniadis et al. [35] observed an HI of 1.62. These studies shared a common trait:
they originated from highly contaminated areas. Conversely, our study was conducted
in a Chinese herbal medicine plantation within an agricultural land where the primary
sources of pollution were agricultural irrigation and fertilizer use, as opposed to the severe
pollution sources found in heavily polluted areas such as industrial zones, coal mining,
and smelters. These sources of pollution typically generate less contamination compared to
industrial pollution sources.

The carcinogenic risk (CR) values within the soil-Scrophularia ningpoensis Hemsl. sys-
tem all remained below 10~#, indicating no significant carcinogenic risk. However, it is
essential to note that the CRg associated with elemental As in the soil-Scrophularia ningpoen-
sis Hemsl. system surpassed 1079, signaling a certain level of carcinogenic risk. Notably,
our study identified that the CRg of the root zone soils in the Scrophularia ningpoensis Hemsl.
origin were consistently lower than those of the non-root zone soils. This trend might
be attributed to the substantial accumulation of soil trace elements within most plants,
possibly contributing to the lower CRg observed in root zone soils compared to non-root
zone soils. Additionally, our investigation revealed variations in CR across different parts
of the Scrophularia ningpoensis Hemsl. plant. The highest carcinogenic risk was observed in
the edible leaves, followed by the stems, with the lowest risk found in the roots.

5. Conclusions

Variations were evident in the trace element content characteristics within the soil
of Scrophularia ningpoensis Hemsl. origin, consistently showing higher levels in non-root
zone soil compared to the root zone. Among the different segments of the Scrophularia
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ningpoensis Hemsl. plant, except for Se, leaves exhibited the highest trace element content,
succeeded by stems, while roots displayed the lowest content. Correlation analysis and
structural equation analysis highlighted the notable influence of root zone soil on the plant,
outweighing the impact of non-root zone soil. This analysis also unveiled synergistic
or antagonistic interactions among trace elements in the plant’s roots, stems, and leaves.
Moreover, the evaluation based on the single-factor pollution index (Pi) indicated a certain
level of soil pollution in the Scrophularia ningpoensis Hemsl. origin. Particularly, the highest
average Pi value was recorded for Pb, reaching 0.94 and 0.89 in the non-root and root zones,
respectively. The combined Nemerow pollution index (PN) for both zones fell within the
warning range. Evaluation of non-carcinogenic risks highlighted that the consumption of
Scrophularia ningpoensis Hemsl. leaves and stems may potentially pose a non-carcinogenic
risk (HI) and carcinogenic risk (CR) more than tenfold higher than that from roots.
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Appendix A

Appendix A values for health risk assessment used in this work concerning oral
reference doses (RfDy), tolerable daily intake (TDI) in pg of potentially toxic elements per
kg of bodyweight per day related to non-carcinogenic health risk, and oral slope factor
(OSF; unitless) related to carcinogenic health risk [26].

Table Al. Parameter values related to health risks.

RfD, TDI OSF

As 0.3 1 15
Co 03 14 NA
Fe 700 NR NA
Mn 140 NR NA
Mo 5 10 NA
Pb 35 NR 0.0085
Se 5 4 NA
Zn 300 500 NA

NR = Non-reported. When a value for a given element is non-reported, we utilized the RfDy of that same element
instead. NA = Non-applicable.

1. Prashanth, L.; Kattapagari, K.K.; Chitturi, R.T.; Baddam, V.R.R,; Prasad, L.K. A review on role of essential trace elements in health
and disease. J. Dr. NTR Univ. Health Sci. 2015, 4, 75. [CrossRef]

2. Deng, B.L.; Yuan, Z.Y.; Guo, X.M. Microelement distributions and responses to human disturbance in meadow soil of Wugong
Mountain. Pratacultural Sci. 2015, 32, 1555-1560. [CrossRef]

3. Huang, Z.; Pan, X.D.; Wu, P.G.; Han, J.L.; Chen, Q. Heavy metals in vegetables and the health risk to population in Zhejiang,
China. Food Control 2014, 36, 248-252. [CrossRef]


https://doi.org/10.4103/2277-8632.158577
https://doi.org/10.11829/j.issn.1001-0629.2014-0453
https://doi.org/10.1016/j.foodcont.2013.08.036

Toxics 2024, 12, 355 16 of 17

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Dzombea, P.; Chayamiti, T.; Togarepi, E. Heavy metal content of selected raw medicinal plant materials: Implication for patient
health. Bull. Environ. Pharmacol. Life Sci. 2012, 1, 28-33.

Scivicco, M.; Cacciola, N.A.; Esposito, F.; Squillante, J.; Ariano, A.; Borriello, L.; Cirillo, T.; Severino, L. Heavy metals in fishes
from the Tyrrhenian Sea and risk assessment. ]. Food Compos. Anal. 2024, 128, 106027. [CrossRef]

Alamer, K.; Alj, E.; Al-Thubait, M.; Moaz, A.-G. Zinc Nutrition and its Activated Roles on Growth, Inflorescences Attributes and
Some Physiological Parameters of Tagetes erecta L. Plants. Pak. J. Biol. Sci. 2019, 23, 35-44. [CrossRef] [PubMed]

Lee, S.; Kovacs, G.G. The Irony of Iron: The Element with Diverse Influence on Neurodegenerative Diseases. Int. |. Mol. Sci. 2024,
25,4269. [CrossRef] [PubMed]

Mwangi, S.; Timmons, J.; Ao, T.; Paul, M.; Macalintal, L.; Pescatore, A.; Cantor, A.; Dawson, K. Effect of manganese preconditioning
and replacing inorganic manganese with organic manganese on performance of male broiler chicks. Poult. Sci. 2019, 98, 2105-2113.
[CrossRef] [PubMed]

Liao, Y.; Cao, H.; Xia, B.; Xiao, Q.; Liu, P.; Hu, G.; Zhang, C. Changes in Trace Element Contents and Morphology in Bones of
Duck Exposed to Molybdenum or/and Cadmium. Biol. Trace Element Res. 2016, 175, 449—457. [CrossRef]

Dghaim, R.; Al Khatib, S.; Rasool, H.; Khan, M.A. Determination of Heavy Metals Concentration in Traditional Herbs Commonly
Consumed in the United Arab Emirates. J. Environ. Public Health 2015, 2015, 973878. [CrossRef]

Harrison, R.M.; Chirgawi, M. The assessment of air and soil as contributors of some trace metals to vegetable plants I. Use of a
filtered air growth cabinet. Sci. Total Environ. 1989, 83, 13-34. [CrossRef] [PubMed]

Wild, E.; Dent, J.; Thomas, G.O.; Jones, K.C. Direct Observation of Organic Contaminant Uptake, Storage, and Metabolism within
Plant Roots. Environ. Sci. Technol. 2005, 39, 3695-3702. [CrossRef] [PubMed]

Ren, D.; Shen, Z.-Y.; Qin, L.-P; Zhu, B. Pharmacology, phytochemistry, and traditional uses of Scrophularia ningpoensis Hemsl. J.
Ethnopharmacol. 2020, 269, 113688. [CrossRef] [PubMed]

Li, Y.-M.; Jiang, S.-H.; Gao, W.-Y.; Zhu, D.-Y. Iridoid glycosides from Scrophularia ningpoensis. Phytochemistry 1999, 50, 101-104.
[CrossRef]

Nguyen, A.-T.; Fontaine, J.; Malonne, H.; Claeys, M.; Luhmer, M.; Duez, P. A sugar ester and an iridoid glycoside from Scrophularia
ningpoensis. Phytochemistry 2005, 66, 1186-1191. [CrossRef]

Yang, B.; Shan, J.; Xing, F; Dai, X.; Wang, G.; Ma, ].; Adegoke, T.V,; Zhang, X.; Yu, Q.; Yu, X. Distribution, accumulation, migration
and risk assessment of trace elements in peanut-soil system. Environ. Pollut. 2022, 304, 119193. [CrossRef] [PubMed]

Liu, X.; Zhang, S.; Wu, M.; Wu, Z.; Dai, H.; Shen, P.; Wang, C. Research advance on heavy metal enrichment characteristics in
peanut and its prevention and control measurements. Shandong Agric. Sci. 2020, 52, 144-150.

Jia, Z.; Li, S.; Wang, L. Assessment of soil heavy metals for eco-environment and human health in a rapidly urbani-zation area of
the upper Yangtze Basin. Sci. Rep. 2018, 8, 3256. [CrossRef]

Roy, M.; McDonald, L.M. Metal Uptake in Plants and Health Risk Assessments in Metal-Contaminated Smelter Soils. Land Degrad.
Dev. 2013, 26, 785-792. [CrossRef]

Shahbazi, Y.; Ahmadi, F; Fakhari, F. Voltammetric determination of Pb, Cd, Zn, Cu and Se in milk and dairy products collected
from Iran: An emphasis on permissible limits and risk assessment of exposure to heavy metals. Food Chem. 2016, 192, 1060-1067.
[CrossRef]

Jiang, Q. Characteristics and Factors In fluencing the Distribution of Ancient & Famous Trees Resources in Karst Area: A Case
study of Daozhen Autonomous County. J. Nejjiang Norm. Univ. 2021, 36, 81-87. [CrossRef]

Lian, M.; Wang, L.; Feng, Q.; Niu, L.; Zhao, Z.; Wang, P,; Song, C.; Li, X.; Zhang, Z. Thiol-functionalized nano-silica for in-situ
remediation of Pb, Cd, Cu contaminated soils and improving soil environment. Environ. Pollut. 2021, 280, 116879. [CrossRef]
[PubMed]

Wang, F.; Guan, Q.; Tian, J.; Lin, J.; Yang, Y.; Yang, L.; Pan, N. Contamination characteristics, source apportionment, and health
risk assessment of heavy metals in agricultural soil in the Hexi Corridor. CATENA 2020, 191, 104573. [CrossRef]

Zang, F.; Wang, S.; Nan, Z.; Ma, ].; Zhang, Q.; Chen, Y.; Li, Y. Accumulation, spatio-temporal distribution, and risk assessment of
heavy metals in the soil-corn system around a polymetallic mining area from the Loess Plateau, northwest China. Geoderma 2017,
305, 188-196. [CrossRef]

Yang, P,; Yang, C.M.; Lin, D.; Zheng, T.J.; Wang, L.L.; Gu, ].; Song, J.; Li, H.; Tang, Q. Analysis and thinking on dosage of Chinese
patent medicines in Chinese Pharmacopoeia 2015 edition. Chin. Tradit. Herb. Drugs 2019, 50, 3741-3746. [CrossRef]

Antoniadis, V.; Golia, E.E,; Liu, Y.-T.; Wang, S.-L.; Shaheen, S.M.; Rinklebe, J. Soil and maize contamination by trace elements and
associated health risk assessment in the industrial area of Volos, Greece. Environ. Int. 2019, 124, 79-88. [CrossRef] [PubMed]
Kment, P.; Mihaljevi¢, M.; Ettler, V.; Sebek, O.; Strnad, L.; Rohlova, L. Differentiation of Czech wines using multielement
composition—A comparison with vineyard soil. Food Chem. 2005, 91, 157-165. [CrossRef]

Gong, Y.; Zhang, Z.; Zeng, X. Distribution of Heavy Metal Contents in Soil Producing Uncaria rhynchophylla (Miq.) Miq. ex Havil.
in Guizhou: Driven by Land Use Patterns. Pol. J. Environ. Stud. 2023, 32, 3113-3123. [CrossRef] [PubMed]

Shtangeeva, I.; Alber, D.; Bukalis, G.; Stanik, B.; Zepezauer, F. Multivariate statistical analysis of nutrients and trace elements in
plants and soil from northwestern Russia. Plant Soil 2009, 322, 219-228. [CrossRef]

Chen, Z.; Pei, ].; Wei, Z.; Ruan, X.; Hua, Y,; Xu, W.; Zhang, C.; Liu, T.; Guo, Y. A novel maize biochar-based compound fertilizer
for immobilizing cadmium and improving soil quality and maize growth. Environ. Pollut. 2021, 277, 116455. [CrossRef]


https://doi.org/10.1016/j.jfca.2024.106027
https://doi.org/10.3923/pjbs.2020.35.44
https://www.ncbi.nlm.nih.gov/pubmed/31930881
https://doi.org/10.3390/ijms25084269
https://www.ncbi.nlm.nih.gov/pubmed/38673855
https://doi.org/10.3382/ps/pey564
https://www.ncbi.nlm.nih.gov/pubmed/30590788
https://doi.org/10.1007/s12011-016-0778-0
https://doi.org/10.1155/2015/973878
https://doi.org/10.1016/0048-9697(89)90003-x
https://www.ncbi.nlm.nih.gov/pubmed/2781263
https://doi.org/10.1021/es048136a
https://www.ncbi.nlm.nih.gov/pubmed/15952374
https://doi.org/10.1016/j.jep.2020.113688
https://www.ncbi.nlm.nih.gov/pubmed/33338592
https://doi.org/10.1016/s0031-9422(98)00477-4
https://doi.org/10.1016/j.phytochem.2005.03.023
https://doi.org/10.1016/j.envpol.2022.119193
https://www.ncbi.nlm.nih.gov/pubmed/35337887
https://doi.org/10.1038/s41598-018-21569-6
https://doi.org/10.1002/ldr.2237
https://doi.org/10.1016/j.foodchem.2015.07.123
https://doi.org/10.13603/j.cnki.51-1621/z.2021.10.014
https://doi.org/10.1016/j.envpol.2021.116879
https://www.ncbi.nlm.nih.gov/pubmed/33774545
https://doi.org/10.1016/j.catena.2020.104573
https://doi.org/10.1016/j.geoderma.2017.06.008
https://doi.org/10.7501/j.issn.0253-2670.2019.16.001
https://doi.org/10.1016/j.envint.2018.12.053
https://www.ncbi.nlm.nih.gov/pubmed/30640132
https://doi.org/10.1016/j.foodchem.2004.06.010
https://doi.org/10.15244/pjoes/163527
https://www.ncbi.nlm.nih.gov/pubmed/18594613
https://doi.org/10.1007/s11104-009-9910-7
https://doi.org/10.1016/j.envpol.2021.116455

Toxics 2024, 12, 355 17 of 17

31.

32.

33.

34.

35.

Mili¢evi¢, T.; Urosevi¢, M.A.; Reli¢, D.; Vukovi¢, G.; gkrivanj, S.; Popovi¢, A. Bioavailability of potentially toxic elements in
soil-grapevine (leaf, skin, pulp and seed) system and environmental and health risk assessment. Sci. Total Environ. 2018, 626,
528-545. [CrossRef] [PubMed]

Tang, Z.; Chai, M.; Cheng, J.; Jin, J.; Yang, Y.; Nie, Z.; Huang, Q.; Li, Y. Contamination and health risks of heavy metals in street
dust from a coal-mining city in eastern China. Ecotoxicol. Environ. Saf. 2017, 138, 83-91. [CrossRef] [PubMed]

Li, P; Lin, C.; Cheng, H.; Duan, X; Lei, K. Contamination and health risks of soil heavy metals around a lead /zinc smelter in
southwestern China. Ecotoxicol. Environ. Saf. 2015, 113, 391-399. [CrossRef] [PubMed]

Jiang, Y,; Chao, S.; Liu, J.; Yang, Y.; Chen, Y,; Zhang, A.; Cao, H. Source apportionment and health risk assessment of heavy metals
in soil for a township in Jiangsu Province, China. Chemosphere 2017, 168, 1658-1668. [CrossRef]

Antoniadis, V.; Golia, E.E.; Shaheen, S.M.; Rinklebe, J. Bioavailability and health risk assessment of potentially toxic elements in
Thriasio Plain, near Athens, Greece. Environ. Geochem. Health 2016, 39, 319-330. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.scitotenv.2018.01.094
https://www.ncbi.nlm.nih.gov/pubmed/29353792
https://doi.org/10.1016/j.ecoenv.2016.11.003
https://www.ncbi.nlm.nih.gov/pubmed/28012369
https://doi.org/10.1016/j.ecoenv.2014.12.025
https://www.ncbi.nlm.nih.gov/pubmed/25540851
https://doi.org/10.1016/j.chemosphere.2016.11.088
https://doi.org/10.1007/s10653-016-9882-5

	Introduction 
	Materials and Methods 
	Overview of the Study Area 
	Sample Collection and Pretreatment 
	Evaluation Methodology 
	Bioconcentration Factor (BF) 
	The Single Factor Pollution Index (Pi) and Nemerow Integrated Pollution Index (PN) 
	Health Risk Assessment Indices 
	Indices Related to Carcinogenic Risks 

	Data Analysis 

	Results 
	Characteristics of Soil Trace Element Content in Root and Non-Root Areas of Scrophularia ningpoensis Hemsl. Origin 
	Characteristics of Trace Element Contents in Roots, Stems, and Leaves of Scrophularia ningpoensis Hemsl. Plants 
	Enrichment Factor (BF) of Roots, Stems, and Leaves of Scrophularia ningpoensis Hemsl. 
	Analysis of Single-Factor and Combined Pollution in Scrophularia ningpoensis Hemsl. Soils 
	Hazard Coefficients (HQ) for Trace Elements in the Soil–Scrophularia ningpoensis Hemsl. System 
	Evaluation of Non-Carcinogenic Risk in Scrophularia ningpoensis Hemsl. Soil and Plant 
	Evaluation of Carcinogenic Risk in Scrophularia ningpoensis Hemsl. Soil and Plant 
	Correlation Analysis of Micronutrient Contents in Non-Root Zone, Root Zone Soils, and Scrophularia ningpoensis Hemsl. Plants (Root, Stem, and Leaf) 

	Discussion 
	Conclusions 
	Appendix A
	References

