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Abstract

People pose a serious risk by eating plants contaminated with lead in their soil. Lead enrichment in different parts of plant roots,
stems, and leaves is controversial. Accordingly, a meta-analysis was conducted to investigate the ability of different plants to enrich
lead and the main factors for lead absorption. The results of this study indicated that all parts of plants accumulated significantly
lead. The concentrations of lead in different parts of root, stem and leaf were analyzed, and it was found that these concentrations
followed an order of root > stem > |eaf. Alkaline soil was beneficial to lead absorption by plants in this study. Significant differences
were found in lead enrichment ability among vegetables, gramineae and trees. When the lead concentration in soil was higher than
20mg/kg, the lead absorption in different parts of roots, stems, and leaves was more. Lead is most absorbed in trees (e.g., ulmus
pumila and murraya paniculate). It is the least in gramineae (e.g., rice, maize plants, and sweet sorghum). It is argued that this study is
beneficial to select vegetables suitable for absorption of heavy metals from polluted soil. This study can help to clarify the ability of a
variety of plant parts to enrich lead and the factors for lead enrichment in plants, so as to propose more reasonable lead pollution
control strategies and guide people to make healthy choices when choosing edible plants.

1. Introduction

With the rapid development of industrialization, environmental pollution has aroused great attention from the public. Soil heavy metal
pollution is a serious ecological problem at present. Since it is not easy to degrade, it can trigger serious health crisis. Heavy metal
pollution is exacerbated by urbanization, industrialization, waste gas, waste water and residues, and excessive use of chemical
fertilizers and pesticides(Page et al., 2014; Robinson et al., 2008; Zhivotovsky et al., 2011). Among the above heavy metals, lead is not
only highly toxic, but can also be absorbed and accumulated by different plants. Lead can accumulate in the food chain and harm
human health(Pan et al., 2016). Little concentrations of lead can damage the nervous, enzymatic, endocrine, immune, skeletal, as well
as circulatory systems. Others can make disorders in the lung, kidney, and liver and some are carcinogenic(Emamverdian et al., 2015).

Grains, vegetables and other medicinal plants are an essential part of our diet. They are the major components of the human diet and
are capable of providing protein, dietary fiber, vitamins, antioxidants, and other beneficial substances for the human body(Slavin et al,,
2012). Lead contamination is undoubtedly one of the most concerned issues of the safe production of edible vegetables. Heavy
metals can be absorbed through the roots, stems, and leaves of plants and are concentrated in plants. It has been reported that
vegetable intake is the main source of lead for most people(Zhuang et al., 2009). Existing studies have found high levels of lead in
green leafy vegetables(Pan et al., 2016). Studies have suggested that the content of lead in celery root is approximately 50 times that
in stem, and the content of lead in leaves is nearly 9 times that in stem(Meng et al., 2013). The ability of different plants to accumulate
lead is controversial. Zunaidi, AA et al. suggested that the lead enrichment ability of Brassicaceae in different parts of root, stem and
leaf follows an order of leaf > stem >root(Zunaidi et al., 2021). Zhang Wentao et al. suggested that the concentration of lead in
Ipomoeaaquatica Forsk is root > stem > leaf, and the concentration of lead in Artemisiaselengensis Turcz is root > leaf > stem(Zhang et
al.,, 2010). Thus, the differences of lead absorption capacity of different plants in soil should be clarified. Accordingly, to clarify the
enrichment ability of different plants to lead can be more helpful to the prevention of lead pollution, and guide people's diet and food
processing.

Besides, the ability of green plants to absorb lead from soil is often dependent on the plant itself, as well as the physical and chemical
properties of the soil, pH of the soil, the soil organic matter content, plant species and soil lead concentration. Lead accumulates easily
in plants when it is bioavailable, and soil properties significantly affect the mobility and availability of lead in soil. The decrease of soil
pH value also facilitates the migration of Pb from root to bud and improves the availability of lead(Xalxo et al., 2018). Romero-freire et
al. highlighted that lead availability in soil is controlled by pH and carbonate content (Romero-Freire et al., 2015). Mleczek et al.
suggested that there is a correlation between the accumulation of lead in plants with different tissues and the physical and chemical
properties of soil(Mleczek et al., 2009). It has been confirmed that the lead concentration in rice grains is significantly correlated with
soil pH and organic matter content(Zhao et al., 2020).

Although numerous studies have examined differences in lead uptake by different plants, most have reached qualitative conclusions,
instead of quantitative conclusions. In other words, they lack systematic synthesis and reliable conclusions. Lead in soil can be
enriched and absorbed by different parts of plants, whereas different studies have found that the ability of plants in different parts to
enrich lead is controversial. Thus, the strength of the ability of plants in different parts to enrich lead was evaluated through a meta-
analysis, and the factors for the ability of plants in different parts to enrich lead were analyzed in this study. At present, there have still
been rare meta-analyses on the absorption of heavy metal lead by plants in different parts, and there have been scarce studies
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elaborating its mechanism systematically, so this study was conducted to provide more data support and lay a theoretical basis. A
meta-analysis was conducted to summarize lead absorption in different plants. (1) The lead absorption capacity of different
vegetables was analyzed and compared to provide a reference for future research. (2) The differences of lead absorption in roots,
stems, and leaves of different parts of plants were compared. (3) Based on the change trend of lead absorption in various vegetables,
reasonable suggestions were provided for vegetable planting.

2. Methods
2.1 Documentation indexing

We collected all the data from the Web of Science(WOS), PubMed, Google Scholar and the China National Knowledge Infrastructure
(CNKI) for the period 2005—2021(The library will be built until October 4, 2021). First, we identified a number of key words, including
“vegetables”, “plants”, “lead/Pb”, “absorption of lead/Pb”, “uptake of lead/Pb", “heavy metal”. In addition, we only consulted complete
articles from which all data were made available for analysis. Besides, citation lists of the retrieval results were checked to find other
related researches, and we scanned the reference section of the papers found in this search for additional, undetected, relevant
publications.

2.2 Research and data selection

Inclusion criteria: (1) A publication had to report lead concentration (+ SD and sample size) in plant parts (root, stem, leaf) of plants

growing in contaminated soils; (2) The objects of studies contained plants; (3) There are similar literature research methods; (4) The
literature contains detailed data on the physical and chemical properties of soils. (5) In order to accurate analysis, all measurement

units were transformed into the dry-weight unit (mg/kg).

Exclusion criteria: (1) Any substance that can affect lead absorption (such as EDTA, soil amendments, plant growth regulators and
surfactants); (2) The original data of lead concentration cannot be extracted in the literature; (3) We did not include unpublished data,
newspapers with poor data quality, review article, books, clinical trial studies, incomplete literature or articles that were only summaries
of previous literature; (4) Different parts of the plant were treated with different concentrations of lead.

2.3 Data extraction and literature quality evaluation

We reviewed and evaluated each study, eliminating reports and studies with repeatability, poor study quality, low information
availability, incomplete data, conference literatures and review literatures. Two independent researchers shall extract the relevant
information of each literature that meets the inclusion criteria. If there is any difference, discuss and solve it or request the assistance
of a third party to solve it. Data were extracted from text descriptions, tables, and graphs of the original literature. Select the following
information from each study: (1) The name of the first author, the year of the experiment, and the place of the experiment; (2) Detailed
values of determination of root, stem and leaf concentration (M + SD); (3) Soil physical and chemical properties (soil pH); (4) The
concentration of lead in soil; (5) Sample quantity.

2.4 Statistical Analysis

The overall mean effect size and its bias-corrected 95% confidential interval (Cl) of each group were calculated with STATA software
version 16.0(Wang et al., 2008). Heterogeneity is identified to determine whether the results of multiple studies can be combined.
Weighted mean difference (WMD) and standardized mean difference (SMD) were used as effect indexes for continuous data.
Heterogeneity among the included studies was qualitatively analyzed by Chi-Square test (a = 0.1), and the source of heterogeneity was
quantitatively analyzed by ~. The greater the value of  the higher the heterogeneity(Zhang et al., 2018). If there was heterogeneity
between studies (P< 0.1, #>50%), all studies used the random-effect model, and meta regression and subgroup analysis were further
used to explore the source of heterogeneity(Sha et al., 2019).

Subgroup analysis was employed to assess the impact of various factors. Part of the larger heterogeneity analysis was combined with
factors that may have led to heterogeneity of data in a meta-regression. STATA 16.0 software was used to build a regression model
through analysis of the influence of the t-value and P-value to determine heterogeneity of variables. Statistical significance was
assumed at P<0.05.
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Meta-analysis was employed to revise and eliminate publication bias using funnel plots and the Begg method. The funnel plot shows
the symmetrical distribution of scattered points(Schwarzer, et al., 2010). A shearing method was used to eliminate outliers, or other
abnormal values, and to fix missing parts along the central part of the funnel plot and both sides of the center(Schwarzer et al., 2010).
If publication bias exists, the non-parametric Trim and Fill method is used to correct the publication bias. On the basis of allowing the
existence of publication bias, the effect size and significance after modification are estimated by filling and correcting the missing
references. The results are compared with the original results to evaluate the reliability of the analysis results.

A sensitivity analysis was used to combine the data and to observe the effect size of the combined values of effect size (ES)(Peng et
al,, 2018); a 95% Cl was used to estimate whether statistically significant changes were produced. It was used to explore the stability of
the results. We conducted sensitivity analysis on the 15 literatures included in this study by "excluding the included literatures one by

one.

3. Results
3.1 Study search

A total of 1287 studies were yielded through the study search, in which only 15 studies were included, including 11 Chinese studies and
four English studies. Details of the included studies are presented in Fig. 1.

3.2 Basic features of studies

Conference studies and retrospective studies with repeatability, poor quality, incomplete data were excluded through the systematic
review and the quality evaluation of the respective study. The data extracted and included in this study are listed in Table 1 below.

Table.1 Statistics from 15 published studies

No. Authors Year pH Concentrations  Plant Reference

(mg/kg)
1 Li Xiaoming 2009 5.9 18.34 rice (Li et al., 2009)
2 Zhou Ying 2012 6.0 21.24 maize plants (Zhou et al.,, 2012)
3 Xue Zhongcai 2020 6.7 52.00 sweet sorghum (Xue et al., 2020)
4 Liu Qinghai 2019 8.0 9.26 barley (Liu et al.,, 2019)
5 Ruyi Yang 2011 459 23.27 maize plants (Yang etal., 2012)
6 AK.Gupta 2007 7.2 0.70 huanghua (Gupta et al., 2007)
7 Chen Yanhong 2010 7.5 0.0033 rape (Chen et al. 2010)
8 Hanaa S.Shehata 2020 8.58 9.08 cucumber (Shehata et al., 2020)
9 Huilong Xia 2009 529 21.23 sugarcane (Cheng et al., 2009)
10  Huang Kaifeng 2009 7.54 017 zizania latifolia (Huang et al., 2009)
11 Zhang Yongchao 2011 7.9 30.43 ulmus pumila (zhang et al., 2011)
12 Zhao Yangdi 2018 6.2 37.58 murraya paniculata (Zhao et al.,, 2019)
13 Feng Gongneng 2008 839 6.24 green peppers (Feng et al., 2008)
14  Xiang Yanci 2010 6.21 1236 rape (Yang et al., 2010)
15 Huang Baojian 2010 5.9 28.52 ipomoea aquatica forsskal  (Zhang et al., 2010)

3.3 Differences of lead enrichment ability in different parts of roots, stems,

and leaves

Page 4/16




Heterogeneity is the differences among all the studies included in the same meta-analysis. The higher the degree of overlap between
the confidence intervals, the less possibility there is statistical heterogeneity among the studies; on the contrary, the smaller the degree
of overlap between the confidence intervals, the more possibility there is statistical heterogeneity among the studies. This part
discusses the enrichment ability of plant roots, stems, and leaves to lead, analyzes the source of heterogeneity, and studies the factors
for the absorption of lead in roots, stems, and leaves.

3.3.1 The strength of root-stem enrichment ability

Heterogeneity test was carried out for the included studies. The results of heterogeneity test were £10.001 and #=88.5%, thus
suggesting that there was strong heterogeneity in the study of root-stem lead enrichment ability, so the random effect model was used
for meta analysis. The enrichment capacity of lead in root was significantly higher than that in stem, and the combined effect was
statistically significant [SMD=9.51, 95%Cl (5.85~13.16), P< 0.001].

3.3.2 The strength of root-leaf enrichment ability

Heterogeneity test was carried out for the included studies. The results of heterogeneity test were F10.001 and £=87.6%, thus
suggesting that there was strong heterogeneity in the study of root-leaf lead enrichment ability, so the random effect model was used
for meta analysis. The enrichment capacity of lead in root was significantly higher than that in leaf, and the combined effect was
statistically significant [SMD=8.62, 95%CI (5.40~11.84), P< 0.001].

3.3.3 The strength of stem-leaf enrichment ability

Heterogeneity test was carried out for the included studies. The results of heterogeneity test were P10.001 and #=88.7%, thus
suggesting that there was strong heterogeneity in the study of stem-leaf lead enrichment ability, so the random effect model was used
for meta analysis. The enrichment capacity of lead in stem was significantly higher than that in leaf, and the combined effect was not
statistically significant [SMD=1.06, 95%Cl (-1.21~3.33), P=0.358].

3.4 Factors that affect the lead adsorption capacity of plants
3.4.1 Factors for root - stem lead adsorption capacity of plants
3.4.1.1 Soil pH

To study the effect of plants on lead enrichment ability under different pH conditions, pH was assigned into less than 6.5 (acidic), 6.5
~ 7.5 (neutral), and more than 7.5 (alkaline) for subgroup analysis to explore the source of heterogeneity and analyze the effect of
plants on lead enrichment based on different subgroups.

The total root-stem heterogeneity was P<0.001 and # = 88.5%. When pH was less than 6.5 (P<0.001, # = 82.4%); when pH was 6.5 to
7.5 (P=0.001, #=86.4%); and when pH was higher than 7.5 (P=0.105, # = 47.7%). Subgroup analysis was conducted after the
establishment of pH subgroups. It was found that the heterogeneity of the two groups with pH< 6.5 and pH 6.5 ~ 7.5 remained nearly
unchanged, and the heterogeneity of pH >7.5 decreased compared with the total heterogeneity. Only when the heterogeneity of the
three subgroups decreased significantly, it is concluded that they are the source of root-stem heterogeneity. The above results reveal
that pH value is not the source of heterogeneity of root-stem lead enrichment.

When pH < 6.5[SIMD = 6.36 95%Cl (2.38 ~ 10.34) P<0.05] and pH>7.5[SMD = 14.33 95%CI (9.01 ~ 19.65) P<0.001], a significant
statistical difference was found in root-stem lead enrichment ability. When pH was 6.5 ~ 7.5[SMD = 12.57 95%Cl (-6.94 ~ 32.07) P>
0.05], there was no significant difference in the enrichment ability of lead in root-stem. When pHR7.5, root-stem absorption of lead was
favorable. Moreover, a subgroup analysis was conducted to verify whether soil pH affects the root-stem absorption of lead. The results
reveal that alkaline soil is more conducive to the root-stem absorption of lead, followed by neutral soil and acid soil.

3.4.1.2 Soil lead concentration

According to the included studies, soil lead concentration was divided into < 20mg/kg and >20mg/kg for subgroup analysis. The
results indicated that lead concentration < 20mg/kg (12 =90.2%, P<0.001), > 20mg/kg (/2 =86.2%, P<0.001), and the above two
subgroups had relatively high heterogeneity, which may not be the source of total heterogeneity.
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The concentration of lead was less than 20mg/kg [SMD =9.57 95%Cl (4.68 ~ 14.16) P<0.001], more than 20mg/kg [SMD = 11.77
95%Cl (3.93 ~ 19.62) P<0.05]. As indicated by the results, there was a significant statistical difference in soil lead concentration during
root-stem absorption of lead. When the lead concentration in soil was higher than 20mg/kg, the lead absorption in root and stem
increased significantly.

3.4.1.3 Different plant types

In this study, the plants were assigned into gramineae, vegetables and trees to analyze the differences of lead enrichment ability in
roots, stems, and leaves, and to make subgroup analysis to explore the source of heterogeneity.

The results reveal that lead enrichment in roots-stems achieves statistical significance in three types of gramineae, vegetables and
trees. And trees were more conducive to the absorption of lead in roots-stems, followed by vegetables, and gramineae had the weakest
ability of lead enrichment.

The gramineae [SMD =8.21 95%Cl (2.93 ~ 13.49) P<0.05], vegetables [SMD =9.60 95%Cl (3.19 ~ 16.02) P< 0.05] and trees [SMD =
37.06 95%Cl (-22.61 ~ 96.72) P<0.05], a significant statistical difference was found in root-stem lead enrichment ability. And trees
were more conducive to the absorption of lead in root-stem, followed by vegetables, and gramineae had the weakest ability of lead
enrichment.

3.4.2 Factors for root - leaf lead adsorption capacity of plants
3.4.2.1 Soil pH

The division of pH in this part is similar to that of root-stem. The total root-leaf heterogeneity was P<0.001 and # = 87.6%. When pH
was less than 6.5 (P<0.001, #=77.7%); when pH was 6.5 to 7.5 (P=0.015, #=76.1%); and when pH was higher than 7.5 (P=0.138, ¥
=42.5%). These above results reveal that pH value is not the source of heterogeneity of root-leaf lead enrichment.

When pH < 6.5[SMD =7.68 95%Cl (3.43 ~ 11.94) P<0.05] and pH>7.5[SMD = 14.81 95%ClI (8.98 ~ 20.63) P<0.001], a significant
statistical difference was found in root-leaf lead enrichment ability. When pH was 6.5 ~ 7.5[SMD = 1.29 95%Cl (-1.73 ~ 4.31) P>0.05],
there was no significant difference in the enrichment ability of lead in root-leaf. The results reveal that alkaline soil was more
conducive to the root-leaf absorption of lead, followed by acidic soil and neutral soil.

3.4.2.2 Soil lead concentrations

According to the included studies, lead concentration was assigned into < 20mg/kg and >20mg/kg for subgroup analysis, and the
source of heterogeneity of root-leaf lead enrichment was explored. The results indicated that lead concentration < 20mg/kg (= 91.2%,

P<0.001), >20mg/kg (P =81.1%, P<0.001), and the above two subgroups had relatively high heterogeneity, which may not be the
source of total heterogeneity.

The concentration of lead was less than 20mg/kg [SMD = 10.22 95%Cl (4.99 ~ 15.44) P<0.001], more than 20mg/kg [SMD =7.10
95%Cl (2.60 ~ 11.59) P<0.05]. The results showed that the concentration of lead ions significantly affected the enrichment of lead in
root-leaf. Moreover, when soil lead concentration was less than 20mg/kg, the root-leaf uptake of lead was higher.

3.4.2.3 Different plant types

The results indicated that gramineae (= 77.9%, P<0.001), vegetables (= 92.8%, P<0.001) and trees (=75.2%, P<0.05), and the
above three subgroups had relatively high heterogeneity, which may not be the source of total heterogeneity.

The gramineae [SMD = 5.206 95%ClI (1.73 ~ 8.38) P<0.05] and vegetables [SMD =10.16 95%Cl (3.27 ~ 17.04) P<0.05], a significant
statistic difference was found in root-leaf lead enrichment ability. The trees[SMD = 37.66 95%ClI (-10.21 ~ 85.52) P> 0.05], there was no
significant difference in the enrichment ability of lead in root-leaf. The results suggest that trees are more conducive to the absorption
of lead in root-leaf of plants, followed by vegetables, and gramineae exhibits the weakest ability to concentrate lead.

3.4.3 Factors for stem - leaf lead adsorption capacity of plants
3.4.3.1 Soil pH
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The pH division is the same as before. The total root-leaf heterogeneity was P< 0.001 and #=88.7%. When pH was less than 6.5 (P<
0.001, P=79.4%); when pH was 6.5 to 7.5 (P=0.001, /=85.7%); and when pH was greater than 7.5 (F0.001, #=92.7%). These above
results reveal that pH value was not the source of the heterogeneity of stem-leaf lead enrichment.

When pH < 6.5[SMD=1.21 95%ClI (-1.08~3.50) P& 0.05], pH > 7.5[SMD=2.10 95%ClI (-5.37~4.32) P 0.05] and pH was
6.5~7.5[SMD=-0.52 95%ClI (-5.37~4.32) P> 0.05], there was no significant difference in the enrichment ability of lead from root-stem.
The results showed that alkaline soil was more conducive to the uptake of lead in stem and leaf of plants, followed by acid soil and
neutral soil.

3.4.3.2 Soil lead concentrations

According to the included studies, soil lead concentration was divided into < 20mg/kg and > 20mg/kg for subgroup analysis. The
results indicated that lead concentration < 20mg/kg ($=91.1%, P< 0.001), > 20mg/kg (#= 82.7%, P< 0.001), and the above two
subgroups had relatively high heterogeneity, which may not be the the source of total heterogeneity.

The concentration of lead was less than 20mg/kg [SMD=3.02 95%Cl (-0.56~6.60) P[0.05], more than 20mg/kg [SMD=-0.58 95%ClI
(-3.38~2.22) P10.05]. As indicated by the results, there was not the source of heterogeneity of lead enrichment in stem-leaf. Moreover,
when soil lead concentration was less than 20 mg/kg, the stem-leaf uptake of lead was higher.

3.4.3.3 Different plant types

The results indicated that gramineae (=82.4%, P< 0.001), vegetables (= 92.6%, P< 0.001) and trees (#=93.3%, P< 0.001), and the
above three subgroups had relatively high heterogeneity, which may not be the source of total heterogeneity.

The gramineae [SMD=0.38 95%Cl (-2.21~2.98) P 0.05], vegetables [SMD=2.21 95%Cl (-1.72~6.13) P 0.05] and trees [SMD=2.74
95%Cl (-26.90~32.38) P 0.05]. There was no significant difference in the enrichment ability of lead in stem-leaf. The results suggest
that trees are more conducive to the uptake of lead in stem-leaf of plants, followed by vegetables and gramineae.

3.5 Publish biased analysis

As the research objects of meta-analysis are published studies, the conclusions of meta-analysis are susceptible to publication bias
even if good retrieval strategies are adopted. The common methods to diagnose publication bias consist of funnel plot, Egger
regression and Bgger regression(Egger, et al., 1997). Egger regression method was adopted in this study to detect publication bias, and
the results obtained are listed in Table 2. As depicted in the figure below, root-stem and root-leaf studies were scattered to the right of
the central baseline of the funnel plot, thus suggesting publication bias. The stem-leaf studies were scattered around the center
baseline of the funnel plot near the top, basically arranged along the center ling, thus revealing no publication bias. However, the funnel
plot was affected by the sample size of the original study and needed the in-depth evidence of Egger test. The data listed in the table
showed that the continuous correction asymmetry coefficients of root-stem, root-leaf and stem-leaf Egger test were 3.466, 3.314, and
2.270, respectively, and T values were 5.54(P<0.001), 5.11 (P<0.001), and 2.05 (P> 0.05), respectively, thus suggesting that there was
publication bias in root-stem and root-leaf studies, whereas there was no publication bias in stem-leaf studies.

Table.2 The results of publication bias for each group used in the meta-analysis

Method Group B SE t PRt [95% CI]

Eggerstest Root-stem 3.466 0.625 554 0.000 2.154.82
Root - leaf 3314 0.648 511 0.000 1.924.71
Stem-leaf 2720 1.326 205 0.061 -0.155.59

3.6 Meta-regression analysis

Meta-regression is an analysis method adopted to explore the size and source of heterogeneity among different studies(Sutton et al.,
2008), primarily used to study whether there is a linear correlation between variables/covariables and the combination effect, as well
as the direction and size of such correlation(Baker et al., 2009).

3.6.1 Root-stem meta-regression analysis
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The results were analyzed by multivariate meta-regression analysis due to the heterogeneity of root-stem enrichment ability
(=88.5%, P< 0.001). Covariates included pH, regional distribution, lead concentration, and plant types, as listed in Table 3. At the
same time, the above four covariables were used for meta regression, and the results showed that the t value of the four covariables
reached 1.92(P=0.055). -0.56 (P = 0.572),1.32(P = 0.188),0.51 (P = 0.670). Multivariate regression was adopted to explore the
heterogeneity of root-stem lead enrichment. The results reveal that the four covariables are not the source of heterogeneity of lead
enrichment in root and stem of plants(P10.05).

3.6.2 Root-leaf meta-regression analysis

The results were analyzed by multivariate meta-regression analysis due to the heterogeneity of root-leaf enrichment ability (= 87.6%,
P<0.001). Covariates included pH, regional distribution, lead concentration, and plant types, as listed in Table 3. At the same time, the
above four covariables were used for meta regression, and the results showed that the t value of the four covariables reached 1.23 (P =
0.218),-1.29 (P=0.199),0.32 (P=0.746), 1.44 (P =0.157). Multivariate regression was adopted to explore the heterogeneity of root-leaf
lead enrichment. The results reveal that the four covariables are not the source of heterogeneity of lead enrichment in root and leaf of
plants (P>0.05).

3.6.3 Stem-leaf meta-regression analysis

The results were analyzed by multivariate meta-regression analysis due to the heterogeneity of root-stem enrichment ability (=88.7%,
P<0.001). Covariates included pH, regional distribution, lead concentration, and plant types, as listed in Table 3. At the same time, the
above four covariables were used for meta regression, and the results showed that the t value of the four covariables reached -0.90 (P
=0.369),-1.94 (P = 0.052),-2.19 (P = 0.028), 0.77 (P = 0.444). Multivariate regression was adopted to explore the heterogeneity of
stem-leaf lead enrichment. The results reveal that the three collaborators are the source of heterogeneity of lead enrichment in stem
and leaf of plants (P> 0.05). However, soil lead concentration may be the source of lead enrichment in stem and leaf of plants (P

M 0.05).

The results reveal that heterogeneity is caused by the above variables rather than a single variable, so outliers and strong impact points
of the study should be analyzed to study the source of heterogeneity. Next, a sensitivity analysis is conducted.

Table.3 Meta regression analysis of 4 covariables

group covariables B SE t P>t [95% CI]
root-stem  Soil pH 6.8 354 192 0.055 (-0.1413.75)
Regional 247 438 -056 0.572 (-11.066.11)

Concentrations 825 6.28 1.32 0.188 (-4.0420.61)

Plant tpyes 199 39 0.51 0.610 (-5.669.65)
root-leaf Soil pH 4.64 3.77 1.23 0218 (-2.7412.02)
Regional -6.22 484 -1.29 0.199 (-15.703.26)

Concentrations 2.02 6.24 032 0746 (-10.2114.26)

Plant tpyes 6.15 429 1.44 0.151  (-2.2514.55)
stem-leaf  Soil pH -2.1 233 -09 0.369 (-6.67 2.48)
Regional 6.14 316 -194 0.052 (-12.330.06)

Concentrations -8.58 391 -219 0.028 (-16.25-0.91)

Plant tpyes 206 269 077 0445 (-3.217.33)

3.7 Sensitivity analysis

A sensitivity analysis was conducted to determine whether heterogeneity was caused by a single research factor, and a study
elimination method was adopted. Root-stem, root-leaf and stem-leaf sensitivity analyses were conducted respectively, as presented in
the figure below. After the exclusion of Ruyi Yang(Yang et al., 2012), A K. Gupta(Gupta et al., 2007), Hanaa S Shehata(Shehata et al.,
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2020) and Li Xiaoming(Li et al., 2009), sensitivity analysis was conducted, and the results indicated that: Tau? value changed from
31.2643 to 39.3844, F value changed from 88.5-64.6%, [SMD = 13.649, 95%CI(8.465 18.833), P = 0.002], thus revealing that the
studies of Ruyi Yang(Yang et al,, 2012), A.K. Gupta(Gupta et al., 2007), Hanaa S Shehata(Shehata et al., 2020) and Li Xiaoming(Li et
al., 2009) do not affect the stability of the results.

4. Discussion

In this study, 15 studies were included to analyze the strength of lead enrichment ability in different parts of roots, stems, and leaves.
Based on the results of meta-analysis, the accumulation capacity of heavy metal lead in a variety of plant parts is different. There were
significant differences in lead enrichment ability between root, stem, and leaf plants, the enrichment capacity of lead in roots was
significantly higher than that in stems and leaves. The above results indicated that the enrichment ability of different plants to lead
primarily followed an order of root > stem > leaf, thus suggesting that plant roots were the main organ of lead enrichment. The heavy
metals in the soil first enter the plant through the root of the plant, so the content of heavy metals in the root of the plant is significantly
higher than that in the stem and leaf, and the toxic effect of heavy metals on the plant largely acts on the root(Gong et al., 2020).
Accordingly, to reduce the damage of heavy metals to human health, people can select plants with less root surface area and short
roots to take in nutrients. Sun Zhaohai et al. found that lead is easy to accumulate in plant roots and difficult to transport to stems and
leaves(Sun et al., 2005). ozser et al. investigated the accumulation of heavy metals in willow trees and found that the accumulation
rate of lead in willow roots and twigs is significantly higher than that in stems and leaves(T6zsér et al., 2017). Cloutier-hurteau et al.
(Kacélkova et al., 2015) and Kacalkova et al. (Cloutier-Hurteau et al., 2014) drew the same conclusion that lead is primarily
accumulated in roots, with higher concentrations in roots than in stems and leaves. The above results are similar to the conclusions of
this study. It is found that lead is mainly accumulated in the roots of different plants, and the concentration of lead is relatively low
during the transportation from root to stem and leaf. The possible reason for the difference in accumulation rates between plant
tissues is the limited transport of lead between roots and stems, and leaves(Brekken et al., 2004; Dahmani-Muller et al., 2000). The
restrictive migration of lead from roots to stems and leaves can be clarified by the metal exclusion mechanism in roots that plants
avoid damage during photosynthesis. Plant root tissue exhibits a strong ability to enrich lead, so residents can select plants with
developed roots to meet the nutritional needs of human body. Furthermore, most of the lead amount is absorbed in the roots since root
is the first organ to expose this metal during transport to the biomass of plants. The transport of heavy metals from the soil to the
roots is a complex process affected by numerous factors (e.g., soil characteristics, environmental conditions, vegetative, physiological,
and biochemical characteristics of roots). The transport of heavy metals from roots to stems, branches, and leaves is controlled by
plant physiology, which determines the most metals entering the food chain.

After the discussion of the sources of heterogeneity and the analysis of the factors for the absorption of lead in roots, stems, and
leaves of plants, this study suggests that alkaline soil is more conducive to the absorption and enrichment of lead in roots, stems, and
leaves of selected plants. pH value is one of the important factors for the effectiveness of metal. At high pH, lead ions exist as
insoluble oxides (hydroxides) and are hardly absorbed by plants. When pH value is low, competition between organic acids and H* will
result in ion replacement by H;0", thus increasing the possibility of enrichment and absorption of heavy metals in plants(Tilman &
Lehman, 2001). Acidity contributes to the absorption of heavy metal lead in plant. Found through study review, the study of Li et al.
suggested that slightly acidic water with pH of 5.6 ~ 6.5 is conducive to the absorption of heavy metals by plants(Li et al., 2015). In
general, the concentration of heavy metals in soil is negatively correlated with pH(Lesage et al., 2007). Previous studies have revealed
that soil pH is negatively correlated with the absorption and accumulation of pepper lead, thus affecting the migration and
bioavailability of lead (Shi et al., 2021). Safari et al. have suggested a significant correlation between lead content in rice grains and
soil pH(Safari et al., 2015). Chao et al. revealed that lead uptake and accumulation by rice decrease with the increase of soil pH(Chao
etal, 2018). Several studies have suggested that the absorption, transportation and accumulation of lead by tea plant organs are
affected by soil conditions. With the decrease of pH, the absorption of lead by different organs of tea plant significantly
increases(Chen et al., 2010). Xu Wenxin et al. have revealed that soil pH is negatively correlated with Pb uptake by Brassica chinensis,
and the plant lead content is higher in acidic soil, thus revealing that Pb is more easily absorbed by crops in acidic soil with low pH(Xu
et al,, 2018). The amount of lead in vegetables is opposite to the pH value of the soil(Sun et al., 2005). However, this study suggests
that alkaline soils absorb more lead. The possible reason is the small number of studies in this study.

In addition, significant differences were found in lead absorption among trees, vegetables and gramineous plants. Through the meta-
analysis of this study, we found that trees > vegetables > gramineous plants. Trees and other types of plants have larger roots and
larger specific surface areas than vegetables and gramineous plants, so they are capable of absorbing more lead.
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The meta-analysis was conducted for the remaining studies, and the changes of the combined effect magnitude were small, and the
heterogeneity did not change significantly (450%), thus suggesting that the results of this study are relatively stable. In this study, no
change in statistical significance was found after studies with higher heterogeneity were excluded. The heterogeneity is caused by a
combination of factors, rather than by a single factor. Despite the heterogeneity of this study, the results of sensitivity analysis suggest
that the results of this study are relatively stable.

Based on the results of our meta-analysis, we highlight a new observation that plants are also capable of accumulating lead in
different parts of roots, stems, and leaves. The concentration of lead in different parts of root, stem and leaf was investigated, and it
was found that root > stem > leaf. The results reveal that the major factors for the absorption of lead in plants are soil pH, various
plants and soil lead concentration in descending order. Soil pH also significantly affects lead enrichment in roots, stems, and leaves.
This suggests that there is a relationship between lead accumulation and soil pH in the pH range studied. Alkaline soil is conducive to
lead absorption by plants in this study. Plant type also had a significant effect on lead accumulation in roots, stems, and leaves.
Various plants have different absorption capacity of lead, which mainly shows that the absorption capacity of trees is the strongest,
followed by vegetables, and the ability of gramineae to enrich lead is the weakest. There was publication bias in this study. Despite the
heterogeneity of this study, the results obtained are relatively stable. The results of this study will be conducive to guiding the correct
selection of edible plants, guiding the safe production of edible green plants, strengthening the effective management of agricultural
contaminated soil, and supporting data for the formulation of contaminated soil management policy. Notably, plants and roots are
prone to accumulation of toxic metals (e.g., lead and cadmium), so they can be used for environmental biological monitoring as a tool
to evaluate the extent of soil contamination.

The mechanisms and pathways of accumulation of heavy metal lead in a variety of plant parts remain unclear. The limitations of this
study are presented as follows. (1) A small number of studies were included in the meta-analysis, most of which were Chinese studies.
Few English studies were included. (2) During the study of different plant types, it was found that there have been rare studies
involving vegetables. (3) The quality of the included studies should be improved. (4) Less data are included in the study of soil
physical and chemical properties.
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Comparison of stem-leaf lead enrichment ability

Study %
ID SMD (95% CI) Weight
<65 |
Ruyi Yang (2011) * -0.42 (-2.04, 1.21) 10.29
Huilong Xia {2010) - 2224 (675, 37.73) 37
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Zhao Yangdi (2018) -Io- 11.45 (3.36, 19.55) 7.20
Huang Baojian (2010) - 479 (1.11, 8.48) 999
Subtotal (l-squared = 82 4%, p = 0.000) dl 6.36 (2.38, 10.34) 53.03
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Chen Yanhong (2010) - 15.28 (4 .57, 25.99) 5.69
Xue Zhongcai (2020) ' + 138.02 (42.37, 233.68) 0.14
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Subtotal (l-squared = 47.7%, p = 0.105) {} 14.33 (9.01, 19.65) 3027
- 1
Overall (l-squared = 88 5%, p = 0.000) Q 951 (5.85, 13.16) 100.00
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Figure 5

Differences of lead accumulation in root-stem under different pH conditions

Figure 6

Differences of lead accumulation in root and stem under different lead concentrations

Figure 7

Differences of root-stem accumulation of lead in different plant types

Figure 8

Differences of lead accumulation in root-leaf under different pH conditions
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Figure 9

Differences of lead accumulation in root and leaf under different lead concentrations

Figure 10

Differences of root-leaf accumulation of lead in different plant types
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Liu Qinghai (2019) : * 2329 (7.07, 39.50) 1.62
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Figure 11

Differences of lead accumulation in stem-leaf under different pH conditions

Figure 12

Differences of lead accumulation in stem and leaf under different lead concentrations
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Figure 13

Differences of stem-leaf accumulation of lead in different plant types

Figure 14

Funnel plots for root-stem, root-leaf and stem-leaf publication bias tests

Note: a is the funnel plot of root-stem publication bias; b is the funnel plot of root-leaf publication bias; c is funnel plot of stem-leaf
publication bias.

Figure 15

Sensitivity analysis
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