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� Soil recovery in the agroecological
system was assessed in lettuce pot
trials.

� Alkaline and organic amendments
were investigated for their impacts
on recovery.

� Bacterial diversity and community
structures improved with alkaline
amendments.

� Alkaline amendments performed
better than the organic for soil health
recovery.
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Soil degradation due to heavy metal contamination and acidification has negative effects on soil health
and crop growth. Many previous studies have tried to improve the growth of crops and decrease their
metal uptake. The recovery of soil health, however, has rarely been focused in soil remediation. In this
study, a pot trial was conducted with lettuce (Lactuca sativa L.) growing in heavy metal contaminated and
acidic soils, to examine the effects of alkaline amendments (limestone, LS; calcium magnesium phos-
phate fertilizer, Pcm) and organic amendments (cow manure compost, CMC; biochar, BC) on the growth
of lettuce and on the availability of heavy metals, enzyme activities, and bacterial community structures
in the soils. The results showed that, in comparison with the CMC and BC treatments, LS and Pcm were
more effective at improving lettuce growth and reducing metal concentrations in shoots. Urease and
catalase activities in LS and Pcm amended soils were consistently higher than in those with CMC and BC.
Additionally, the alkaline amendments dramatically improved the bacterial diversity and shaped more
favorable bacterial community structures. Proteobacteria and Gemmatimonadetes were predominant in
soils amended with alkaline treatments. The beneficial bacterial genera Gemmatimonas and f_Gemma-
timonadaceae, which are vital for phosphate dissolution, microbial nitrogen metabolism, and soil
respiration, were also enriched. The results suggest that alkaline amendments were superior to organic
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amendments, and thus may be useful for the future recovery of soil functions and health under heavy
metal contamination and low pH.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Soil degradation is an important issue affecting the environment
globally and is usually associated with unsustainable anthropo-
genic activities. Soil degradation including contamination and
acidification can lead to reductions in crop yields, and has received
increasing attentions in recent decades (Kopittke et al., 2019). Soil
contamination by multi-metals is ubiquitous in many polluted
areas, due to practices such as mining, industrial operations, and
the applications of agrochemicals. Electronic waste (e-waste)
recycling activities were also identified as an important source of
heavy metals in soils, where the concentrations of Cd, Cu, Pb, and
Zn were dramatically enriched in farmland soils near e-waste
recycling sites (Wu et al., 2018). The enrichment of both essential
(e.g., Cu and Zn) and non-essential metals (e.g., Cd and Pb) is not
only toxic to living organisms in farmland soils, but also causes
metal contamination in crops, which is a main exposure pathway
for human (Le�on-Ca~nedo et al., 2019).

Another key cause of soil degradation is acidification. Soil
acidification has been accelerating mainly due to over-usage of
nitrogen fertilizers and waste-water irrigation. It is estimated that
~30% of the total ice-free land area of the earth has been affected by
soil acidification, creating a global problem for agricultural sus-
tainability (Sumner and Noble, 2003). Especially in China, it is
common and severe, as there has been rapid urbanization and in-
dustrial development. For example, the surface farmland soils in
southwest China were significantly acidified from 1981 to 2012,
with a decline of 0.30 pH units (Li et al., 2019). More serious soil
acidifications were reported in the Yangtze River Delta of China,
where the mean decrements of the pH were 0.56 and 0.52 units,
over the periods of 1980e2000 and 2000e2015, respectively (Xie
et al., 2019).

Soil contamination and acidification usually occurred in hotspot
areas, which can compound the issues. For example, it was reported
that the topsoil pH of farmlands in China declined by 0.13e0.80
units between the 1980s and 2000s (Guo et al., 2010), and more
than 30% of the farmland soils were polluted by heavy metals in
South China (Zhang et al., 2015). It is known that soil acidification
can strongly increase the bioavailability of toxic metals (e.g., Cd and
Pb), and subsequently increase the exposure risks to human health
(Novak et al., 2018; Zhu et al., 2016). Therefore, efficient and eco-
friendly remediation methods are urgently required to mitigate
these environmental challenges.

Two strategies (i.e., extraction and immobilization) are
commonly employed to remediate metal contaminated soils. Some
extraction technologies (e.g., excavation and washing) are effective
but expensive and destructive to soil ecosystems (Bolan et al.,
2014). Comparatively, in-situ immobilization via applying chemi-
cal amendments has been proposed as a promising approach. There
are variousmaterials available to achieve the in-situ immobilization
of metals, including organic amendments (e.g., compost, biochar),
alkaline amendments (e.g., limestone, phosphates), etc (He et al.,
2019a; Liu et al., 2018; Wang et al., 2017). Most amendments can
immobilize heavy metals and reduce bioavailability, but remedia-
tion effectiveness might be largely different amongst different
types of amendments, due to their distinct properties. For instance,
limestone immobilizes heavy metals mainly by high pH induced
metal precipitation (Novak et al., 2018), while composts reduce
metal availability by ligand complexation (Palansooriya et al.,
2020). The application of these amendments to immobilize
metals has been widely employed to remediate contaminated soils
(Hou et al., 2020). During the last 20 years, there is a great scientific
interest on the application of organic and inorganic amendments
on metal mobility in contaminated soils with more than 3000
related articles published (Palansooriya et al., 2020).

The bioavailability of heavy metals and their effects on plant
growth have frequently been used as indicators of immobilization
effectiveness (Chen et al., 2019; Sevilla-perea et al., 2016). As soil
enzymes and microorganisms play indispensable roles in nutrient
cycling in soils (Giller et al., 2009; Luo et al., 2016), soil enzymes and
bacterial community structures have recently been proposed as
sensitive, early, and effective indicators of soil health during
remediation (Liang et al., 2020; Mehmood et al., 2018; Novak et al.,
2018). Nevertheless, the relationships between amendments and
these biological properties are not well understood.

In the present study, two alkaline inorganic amendments
(limestone, LS; calcium magnesium phosphate fertilizer, Pcm) and
two neutral organic amendments (cow manure compost, CMC;
biochar, BC), were studied for their potential contrasting remedia-
tion effectiveness in metal contaminated and acidic soils. We hy-
pothesized that: (1) the alkaline and organic amendments have
different remediation efficiencies due to their distinct chemical
properties; (2) compared to the organic amendments, the alkaline
amendments would more effectively reduce the heavy metal
availabilities and consequently decrease the uptake by crops; and
(3) alkaline amendment would increase the soil pH and thus better
improve the bacterial community structures and soil enzyme
activities.

2. Materials and methods

2.1. Soil and amendments

Topsoils (0e20 cm) were collected from a paddy field near an e-
waste recycling site located in Qingyuan, a notorious recycling re-
gion in Southern China (Wu et al., 2018). The paddy field was irri-
gated with waste-water from the e-waste recycling sites since the
1990s, and the soil pH (4.8) was significantly lower than the average
background value of 5.2 (CNEMC (China National Environmental
Monitoring Centre), 1990). Prior to the trial, the soils were air-
dried, screened using a 10-mesh stainless steel sieve for chemical
analyses, and then screened using a 100-mesh stainless steel sieve
for heavy metal determination.

Two alkaline inorganic amendments (limestone, LS; calcium
magnesium phosphate fertilizer, Pcm), and two neutral organic
amendments (cow manure compost, CMC; applewood biochar, BC)
were tested. For comparison, a treatment without amendment (CK)
was used as the control. The chemical properties of the tested soils
and amendments are shown in Table S1.

2.2. Pot trial

The soil was ground to pass through a 4-mmmesh and was then
mixed with the amendments (0.8% w/w). All of the treatments and
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the control were quintuplicated. Eight kilograms of the soils were
placed into plastic pots (diameter 18 cm � height 30 cm), and were
then equilibrated for six weeks prior to the experiment. Lettuce
(Lactuca sativa L.) was selected as the test crop in this study, as it is
widely consumed around the world and has a strong ability to
absorb and accumulate heavymetals. Also, lettuce has been used as
a bioindicator to evaluate soil contaminations (Wolf et al., 2017).
Ten lettuce seeds were planted in each pot and the seedlings were
thinned to five plants per pot after germination. During cultivation,
the water-holding capacity of the soil was maintained at 60%, with
the use of tap water in which Cd, Cu, Pb, and Zn were negligible.

The lettuces were harvested after 50-d cultivation, and were
washed successively with tap water, and deionized water. In
addition, the roots were washed with 0.1 M EDTA and deionized
water again to remove the metals attached to the root surface.
Afterwards, the shoots and roots were separated and dried at 60 �C
to a constant weight and thenweighed. The dried plants were then
milled to pass through a 100-mesh sieve for the heavy metal ana-
lyses. The soils in the rhizosphere were collected, and one part was
stored at �80 �C for DNA extraction. Another part of the soil sam-
ples was air-dried, sieved through 10-, 20-, and 100-mesh, for the
measurement of the chemical properties, heavymetal availabilities,
and enzyme activities, respectively.

2.3. Analyses of the soil chemical properties

The soil pH was measured after equilibrium in a soil-water
suspension (soil: distilled water ¼ 1:2.5) using a pH meter
(model 744, Metrohm, Herisau, Switzerland). The cation exchange
capacity (CEC) was determined with the ammonium acetate
method (Kahr and Madsen, 1995). Soil available phosphate (AP),
ammonium nitrogen (AN) and soil organic matter (SOM) were
measured as described previously (Olsen et al., 1954; Murphy and
Riley, 1962; Schulte, 1995; Wu et al., 2017; Nie et al., 2018).

2.4. Analyses of heavy metals and soil enzyme activities

Atomic absorption spectrometry (AAS, PinAAcle 900 T, Perki-
nElmer,Waltham,MA, USA)was used tomeasure the Cu, Pb, and Zn
contents in soil or plant samples after HCleHNO3eHClO4eHF
digestion. Graphite furnace atomic absorption spectrometry (GF-
AAS, PinAAcle 900 T, PerkinElmer) was used to measure the con-
tents of Cd. To estimate the metal bioavailability, soils were
extracted by 0.1 M CaCl2 for 2 h and the metals in the solutions
were quantified. For quality assurance and control, two reference
soils (GBW-07430 and GBW-07443) and one reference plant tissue
(GBW-10048) from the Chinese National Research Center for
Certified Reference Materials were analyzed during the measure-
ment. The recoveries of the metals ranged from 93.8 to 105.0%
(RSD ¼ 2.5e5.4%, n ¼ 4).

Soil catalase activity was determined by potassium permanga-
nate titration following Sun et al. (2013). Urease activity was
determined by colorimetric method with a spectrophotometer
(LengGuang Tech 752sp, CHN) at 578 nm following Hu et al. (2014).

2.5. Bacterial community structure and diversity

Total bacterial DNA was extracted from 0.2 g sample using the
Power Soil DNA Isolation Kit (MO BIO Laboratories), according to
the manufacturer’s protocol. DNA integrity and concentration were
measured using agarose gel electrophoresis and Qubit fluorescence,
respectively. To assess the bacterial community composition,
V3eV4 variable region of 16 S rRNA gene was amplified with the
common primer pair (50-ACTCCTACGGGAGGCAGCA-30 as the for-
ward primer; and 50-GGACTACHVGGGTWTCTAAT-30 as the reverse
primer) combined with the adapter sequences and barcode se-
quences. The PCR reaction system consisted of 10 mL buffer, 0.2 mL
Q5 High-Fidelity DNA Polymerase, 10 mL High GC Enhancer, 1 mL
dNTP, 10 mM of each primer, and 60 ng of genomic DNA. The
amplified 16 S rRNA products were then purified using DNA
Extraction Kit (Tiangen DNA extraction Kit, China). Further diversity
analysis and significant difference analysis were performed after
PCR amplification. The pipeline coupling of the Mothur (Kozich
et al., 2013) and UPARSE (Edgar, 2013) softwares were used to
processed the 16 S rRNA gene sequencing data with previously
described method (Wu et al., 2017). The relative abundance of a
taxon was the number of sequences affiliated with that specific
taxon, divided by the total sequence number of the sample. Alpha
diversity including observed OTU richness, Ace, Chao1, Simpson,
and Shannon were calculated based on the 6400 sequences
randomly selected from each sample.

2.6. Statistical analyses

All measurements were completed in at least triplicate and
presented as the mean ± standard deviation (SD). One-way ANOVA
and Student-Newman-Keuls tests were used for multiple compar-
isons to analyze the differences in chemical properties, heavy metal
availabilities, and enzyme activities among the treatments.
Redundancy analysis (RDA) was used to determine the major
environmental variables related to the bacterial communities using
CANOCO software (version 4.5). The significance of the variables
was tested using the automatic selection of means with Monte
Carlo permutations. All the statistical tests were performed using
SPSS software (version 24.0).

3. Results

3.1. Soil chemical properties

The chemical properties of the soils with/without amendments
are listed in Table 1. The alkaline amendments significantly
increased the soil pH, as it was 2.95 and 2.25 units higher in the LS
and Pcm treatments than that of the control (p < 0.05), respectively.
In addition, the Pcm also greatly enhanced the soil CEC and AP
(p < 0.05). While the application of the BC effectively improved the
SOM and AN (p < 0.05). However, only weak increases of SOM and
AN were observed in the CMC treatments.

Notably, the application of these amendments, especially the
two alkaline amendments, could clearly reduce the bioavailabilities
of heavy metals (Fig. 1). Specifically, the CaCl2 extractable amounts
of Cd, Cu, Pb, and Zn in LS treatment decreased by 89.3, 86.2, 75.8,
and 99.9%, respectively; and those in Pcm treatment decreased by
82.1, 86.7, 86.7, and 99.2%, respectively, in comparison with CK.
However, the application of the organic amendments (CMC and BC)
was less effective in the reduction of the CaCl2 extractable amounts
of the metals.

3.2. Lettuce growth and metal uptake

The biomass and height of the lettuce are shown in Fig. 2a and
(b). There was extremely poor lettuce growth in the soils without
amendment (Fig. S1), yielding only 0.4 g of shoot biomass per pot
after the 50-day growth (Fig. 2a). However, following the LS and
Pcm applications, there was a significant increase of plant growth;
shoot biomass reached 150e200 g per pot. Interestingly, shoot



Table 1
Effects of the amendments on the soil chemical properties.

Treatments pH CEC SOM AN AP

(cmol kg�1) (g kg�1) (mg kg�1) (mg kg�1)

CK 4.8 ± 0.01 e 8.3 ± 0.31 b 36.3 ± 0.49 b 3.1 ± 0.49 bc 21.6 ± 2.21 b
LS 7.7 ± 0.08 a 9.8 ± 0.07 a 34.6 ± 1.46 c 2.2 ± 0.54 c 23.0 ± 1.62 b
Pcm 7.1 ± 0.08 b 10.3 ± 0.57 a 35.6 ± 0.91 bc 2.2 ± 0.77 c 72.5 ± 10.80 a
CMC 5.4 ± 0.07 c 9.3 ± 0.54 a 36.9 ± 0.47 b 3.7 ± 0.76 b 21.7 ± 1.51 b
BC 5.0 ± 0.03 d 9.8 ± 0.67 a 38.3 ± 0.76 a 4.9 ± 0.29 a 21.2 ± 1.25 b

The data aremean ± SD, n¼ 5. Different letters in the same column represent significant differences at p < 0.05. CK, control; LS, limestone; Pcm, calciummagnesium phosphate
fertilizer; CMC, cow manure compost; BC, biochar. CEC, cation exchange capacity; SOM, soil organic matter; AN, ammonium nitrogen; AP, available phosphate.

Fig. 1. Effects of the amendments on the available concentrations of heavy metals in the soils: (a) available Cd content; (b) available Cu content; (c) available Pb content; (d)
available Zn content. CK, control; LS, limestone; Pcm, calcium magnesium phosphate fertilizer; CMC, cow manure compost; BC, biochar. Mean ± SD, n ¼ 5. Different lowercase
letters above the bars indicate significantly different results (p < 0.05).
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biomass in Pcm treatment was higher than LS (p < 0.05). In
contrast, shoot biomass in CMC and BC treatments was slightly
higher than that of CK, and no significant difference was observed
between the two organic amendments.

Consistently, the application of the alkaline amendments largely
reduced concentrations of the metals in the lettuces (Fig. 2c ~ f).
When comparedwith the CK, the Pcm and LS treatments weremost
effective in decreasing the metal concentrations in shoots
(decreased 54.0e95.6% by Pcm, and 48.9e95.8% by LS), and there
were no significant differences between the LS and Pcm treat-
ments. On the other hand, the applications of CMC and BC were
generally less effective in reducing the metals in both shoots and
roots, although both treatments decreased the concentrations of
heavy metals in lettuces. Interestingly, in the CMC treatment, the
concentrations of Pb and Zn in the shoot decreased by 92.0% and
94.0%, respectively, compared to the CK.
3.3. Soil enzyme activity

The application of the amendments presented distinct effects on
the activities of catalase and urease in the soil samples (Fig. 3a). In
particular, the enhancement of urease and catalase activities with
the LS treatments was the most significant, as they were 1.41 and
1.98 times higher than those in CK (p < 0.05), respectively. On the
contrary, the application of CMC and BC also enhanced catalase
activity, but only slightly enhanced urease activity.
3.4. Soil bacterial community structure and diversity

A total of 1609999 sequences were found across all the samples
with the 16 S rRNA gene sequencing, ranging from 63144 to 71284
sequences per community. The most dominant phylum of bacteria
found was Chloroflexi (33.4e37.6%), followed by Proteobacteria



Fig. 2. Effects of the amendments on the lettuce growth: biomass (a) and height (b), and on the concentrations of heavy metals in the lettuce shoot and root (c ~ f). Mean ± SD,
n ¼ 5. Different letters above the bars indicate significantly different results (p < 0.05).
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(22.6e24.2%), Actinobacteria (11.2e14.2%), and Acidobacteria
(10.36e11.82%) (Fig. S2). It is notable that Proteobacteria and
Gemmatimonadetes were the predominant phyla in the LS and
Pcm treated soils, while Chloroflexi and Proteobacteria were the
most dominant in the CMC, BC, and CK treatments.

At the genus level, significant shifts in the composition of
community were observed after the applications of the amend-
ments (Fig. 3b). In the LS treatments, the dominant genera were
f_Gemmatimonadaceae and f_Microscillaceae, while the dominant
genera in the Pcm treated soils were f_Gemmatimonadaceae and
Gemmatimonas. On the contrary, the pattern of relative abundance
for the dominant microbial genera in the CMC and BC amended
soils and CK were similar, and o_RBG-13-54-9, c_KD4-96, and
f_JG30-KF-AS9 dominated in these communities.

Interestingly, the results show that the bacterial alpha diversity
was significantly correlated with the amendments (Table S2). For
instance, the soils with the alkaline amendments (Pcm and LS) had
a higher number of OTUs and diversity (i.e. Chao1 and Ace).
Nevertheless, only slight improvements of the alpha diversity were
observed in the BC treated soils.

3.5. Relationships between the amendments, environmental factors,
and primary genus

RDAwas preformed to further quantify the relationships among
the bacterial communities, the amendments and the soil chemical
properties. The results are presented in Fig. 4. Environmental fac-
tors (i.e., pH and AP) on the first ordination axis explained 72.8% of
the observed variations, and the second ordination axis explained
8.9%. The soils treated with different amendments were clearly



Fig. 3. (a) Effect of the amendments on the soil urease and catalase activities. Mean ± SD, n ¼ 5. Different letters above the bars indicate significantly different results (p < 0.05). (b)
Effects of the amendments on the relative abundance of the dominant (>0.5%) bacterial genera in the rhizosphere soils, as revealed by 16 S rRNA gene sequencing (p_, c_, o_, and f_
represent a certain genus under the phylum, class, order and family, respectively).
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distributed in distinct parts of the ordinate axes. Notably, the LS and
Pcm treatments were located at the right margin of the RD1 axis
(quadrant I and II), which was associated with higher phosphorus
content and pH, and lower availability of heavy metals. On the
contrary, the CK, CMC, and BC treatments were mostly located at
the left margin of the RD1 axis, due to the higher availability of the
heavy metals and lower soil pH. The results of the Monte Carlo
permutation test revealed that pH, available Cd, and available Zn
(all p < 0.05) were the most predominant environmental variables
affecting the soil bacterial community structures.

Most of the abundant bacterial genera, such as Gemmatimonas,
f_Gemmatimonadaceae, f_Microscillaceae, Devosia, and Dongia were
positively correlated with the available phosphorus content and
soil pH, and negatively correlated with the heavy metal availability.
In contrast, some genera such as o_RBG-13-54-9, c_KD4-96,
o_Acidobacterials, and Anaerolinea presented negative correlations
with the available phosphorus content and soil pH, but positive
correlations with the available concentrations of the heavy metals
and SOM.

4. Discussion

Paddy fields near e-waste recycling sites commonly suffer from
heavy metal contaminations and acidification, because waste-
water related with recycling activities is used for irrigation, which
are regional problems (Wu et al., 2018). In this study, the growth of
lettuce was considerably inhibited in these degraded soils, while
the application of two types of amendments (alkaline amendments
including LS and Pcm and organic amendment including CMC and
BC) showed distinct effects on lettuce growth. Generally, the per-
formance of the LS and Pcm on the lettuce growth was superior to
that of the CMC and BC, which could be attributed to their effects on
the recovery of the soil health, including improved chemical
properties (i.e. higher pH value and available P content), reduced



Fig. 4. Redundancy analysis of the chemical properties and available concentrations of the heavy metals on the bacterial community structures in the soils.
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heavy metal availabilities, and favored bacterial community
structures.

The present study showed that the soil chemical properties
during remediation were closely related to the properties of the
amendments. As the increase of soil pH in LS treatment, the Pcm
treatment resulted in an increase in the soil pH and the AP contents,
and AN and SOM were consistently increased in the BC amended
soils. According to the correlation analysis, the lettuce biomass was
positively correlated with pH, CEC, and AP, and negatively corre-
lated with the availabilities of Cd, Cu, Pb, and Zn (all p < 0.05,
Table S3). This result indicates that the growth of the lettuce was
directly ameliorated by the increasing soil pH and reduced heavy
metal availability in the amended soils. Similarly, a previous study
found that the production of crops was positively correlated with
the soil pH value (ranging from 4.4 to 8.0) (Holland et al., 2019). On
the other hand, it is well known that heavy metal availability pri-
marily depends on the soil chemical properties (Smith, 2009).
Specifically, the pH value is the most important factor, with regard
to the effects on the solution and the surface complexation re-
actions of the cations, ion-exchange, and other metal-binding
processes (Kumpiene et al., 2008; Peng et al., 2009). When soil
pH increases, the mobility and solubility of the heavy metal ions
such as Cd2þ and Pb2þ tend to decrease. On the contrary, the con-
centrations of Hþ and Al3þ ions are higher in acidic soils, and thus
competition happens between Hþ/Al3þ ions and heavy metal cat-
ions, which decreased the adsorption of heavy metals by the soil
matrix (Palansooriya et al., 2020). Therefore, one important strat-
egy for remediating heavy metal contaminated soils is to regulate
the soil pH (Bolan et al., 2014; Palansooriya et al., 2020). The shifted
availability of the heavy metals observed in this study supports this
mechanism, as the applications of LS and Pcm resulted in signifi-
cant increases in soil pH, and hence decreased heavy metal avail-
ability. In addition, the average shoot biomass with the Pcm
treatments was higher than that with the LS treatments. It is well
known that P is an essential element during plant growth, and thus
the exogenous input of P might promote plant growth and yields.
However, the available P content in the CK (21.6 mg kg�1) is much
higher than the critical value for crops (8 mg kg�1) (Wen et al.,
2016), so the increased AP level in the Pcm treated soils might
not be themain factor ameliorating the lettuce growth. Notably, the
soil AP in this study was negatively correlated with the availability
of the heavymetals (e.g., Cd, Cu, and Zn), suggesting that the higher
biomass of the lettuce in the Pcm treated soils could be partly due
to the precipitation of metal ions by the phosphates (Saavedra et al.,
2018).

Based on the distinct influences on the heavy metal availability
and observed plant growth in this study, it is suggested that the
remediation effectiveness of the alkaline amendments in contam-
inated and acidic soils is stronger than that of the organic amend-
ments. However, compared to the CK, the application of the CMC
and BC could also significantly reduce the heavy metal availability.
The organic amendments (i.e., CMC and BC) tested in the present
study have been proposed as immobilizing agents. Cow manure
compost, which contains high levels of humic substances, can form
stable organometallic complexes withmetal ions, thus reducing the
metal mobility in soils (Shaheen et al., 2017; Clemente et al., 2018).
For example, Houben et al. (2012) reported that the applications of
cowmanures in contaminated soils significantly reduced Cd and Zn
availabilities by 63.1 and 89.0%, respectively. On the other hand, the
immobilization capacity of biochar depends on the negatively
charged functional groups on its surfaces, which absorb metal ions
in the soil (He et al., 2019b).

Due to the fact that soil degradation, caused by heavy metal
contamination and acidification, can negatively affect the soils
function and its biochemical properties (Wyszkowska et al., 2009),
the recovery of soil physicochemical and biological properties was
considered an important indicator, defining the success of the
remediation process (Liang et al., 2020). Soil enzymes play funda-
mental roles in the regulation of biochemical transformations.
Specifically, catalase is a type of oxidoreductase related to the ac-
tivity of aerobic microorganisms (Kang et al., 2018), and urease
plays an important role in the nitrogen cycle in soils (Hu et al.,
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2014). Therefore, these enzyme activities can also be used to
monitor the degradation or recovery of soil functions (Burns et al.,
2013; Rao et al., 2014). This study showed that urease and catalase
activities dramatically increased after the application of LS and
Pcm, suggesting a significant improvement in the soil function due
to the alkaline amendments. Moreover, the Pearson’s correlation
analysis revealed that urease activity was positively correlated with
pH (r ¼ 0.626, p < 0.01), but negatively correlated with the avail-
ability of the heavy metals, e.g., Cd (r ¼ �0.576, p < 0.01), and Zn
(r ¼ �0.516, p < 0.01) (Table S4). Similar trends were also observed
for the catalase activity. Therefore, it seems that the elevating soil
pH reduced the metal availability, and subsequently promoted root
exudation and improved enzyme activities (Li and Xu, 2018; Wu
et al., 2017). In addition, the present study showed that the appli-
cation of BC apparently enhanced the catalase activity but did not
enhance the urease activity. The effects of biochar on soil enzyme
activities were somewhat inconsistent with previous studies. Tang
et al. (2020) found that the activities of eight enzymes including
catalase, but not urease, were inhibited by biochar. Another study,
however, reported that biochar resulted in large increases in the
activities of urease and catalase in soils (Wu et al., 2020). These
conflicting results might be ascribed to other unknown compli-
cated interactions between biochar and soil (He et al., 2019b).

High throughput sequencing was used to further evaluate the
responses of the bacteria to the amendments in terms of commu-
nity structures and diversity. Consistent with previous studies (Liu
et al., 2014), this study showed that the predominant bacteria phyla
in the unamended soils were Chloroflexi, Proteobacteria, Acid-
obacteria, Actinobacteria, and Gemmatimonadetes. The bacterial
community structure was clearly altered following the application
of the amendments. To be specific, the most abundant bacteria
phylum found in the LS and Pcm treatments were the Proteobac-
teria, followed by Gemmatimonadetes and Chloroflexi, while the
bacterial community structure in the CMC and BC treatments was
similar to the CK, as the most dominant bacteria phyla was Chlor-
oflexi, followed by Proteobacteria, Actinobacteria, and
Acidobacteria.

It is known that most Chloroflexi bacteria are facultative an-
aerobes, and are the most active in metal contaminated soils (Kim
et al., 2013). Consistently, the abundance of Chloroflexi in this study
was negatively correlated with the soil pH (r¼ 0.955, p < 0.01), and
positively correlated with the availability of the heavy metals, such
as Cd (r ¼ 0.951, p < 0.01) and Zn (r ¼ 0.941, p < 0.01) (Table S5). In
addition, Acidobacteria are regarded as a highly diverse bacterial
phylum, and widely distributed in the environment, especially in
acidic and metal-enriched soils (Lopez et al., 2019). A number of
characteristic lipids in this phylum may be responsible for the
adaptation to harsh environmental conditions. Therefore, in
accordance with previous studies (Wang et al., 2018; Lauber et al.,
2009; RouskBååth et al., 2010), the abundance of Acidobacteria in
this study was negatively correlated with soil pH (r ¼ 0.876,
p < 0.01) (Table S5). The relative abundance of Acidobacteria in the
soils of high pH (LS and Pcm treatments) was dramatically
decreased. On the other hand, Proteobacteria were significantly
enriched after the applications of the LS and Pcm, and they had a
positive correlationwith the soil pH but a negative correlationwith
the availabilities of the heavy metals. This result suggested that the
predominant microorganisms from this phylum were metal-
sensitive. Moreover, Proteobacteria represent one of the largest
phyla of soil bacteria, include many nitrogen-fixing bacteria, which
play an important role in the cycling of nitrogen and energy in soil
ecosystem. Salam and Varma (2019) investigated the soil bacterial
community structures in e-waste recycling sites and revealed that
e-waste related contamination (e.g., heavy metals) altered the soil
bacterial compositions, and the abundance of Proteobacteria
decreased.
Furthermore, taxonomic classifications revealed that the bac-

terial structures were notably shifted among the treatments. The
genera of Gemmatimonas, f_Gemmatimonadaceae, and f_Micro-
scillaceae were most frequently detected in the LS and Pcm treated
soils. Gemmatimonas belongs to the phylum Gemmatimonadetes,
which is known as one of the essential genera in phosphate
dissolution (Takaichi et al., 2010). It can dissolve inert phosphorus
and convert into more bioavailable phosphorus for plant growth
(Zhang et al., 2019). The Pearson’s correlation analysis revealed that
the abundance of Gemmatimonaswas positively correlated with AP
(Table S6). Thus, the proportion of Gemmatimonaswas significantly
higher in the Pcm treatments with higher AP content than the other
treatments, suggesting a symbolic genus responded to the P con-
tents. In addition, f_Gemmatimonadaceae are commonly found in
agricultural soils (Kim et al., 2008), and previous studies have
demonstrated that these microorganisms have strong effects on
microbial N metabolism and soil respiration, which can be used as
bioindicators of the microbial nutrition limitations (Cui et al., 2018;
Huang et al., 2019). However, as for the predominant genera of
o_RBG-13-54-9, c_KD4-96, and f_JG30-KF-AS9 from the CMC, BC,
and CK treatments, little is known about their ability to adapt in
contaminated and acidic soil environments, due to a lack of isolated
pure culture studies. This study suggested that these genera are
probably tolerant to heavy metals. In addition, the effects of heavy
metals on soil microorganisms can be reflected by the shifts in
bacterial diversity (Mucha et al., 2013). The present study revealed
that the applications of LS and Pcm presented higher alpha di-
versity, including OTUs, Chao1, and Ace in the soils. This result
further suggested that the applications of alkaline amendments
could be more effective at enriching beneficial bacterial groups and
consequently enhancing soil functions in contaminated and acidic
soils.

The results of the RDA further demonstrated that the bacterial
communities were largely affected by the amendments, due to the
regulated soil chemical properties and heavy metal availabilities.
Specifically, soil pH, available Cd, and available Znwere identified as
the three most important factors in structuring soil community. Cd
is known as a non-essential metal for living organisms, it is one of
the most mobile and bioavailable metals in soils (Jones et al., 2019;
Khan et al., 2015). On the other hand, although Zn is an essential
micronutrient for living organisms, it can be toxic above specific
thresholds (Navarrete et al., 2017). As revealed by previous studies
(Touceda-Gonz�alez et al., 2015; Xiao et al., 2009), the results of the
RDA identified a significantly negative relationship between Zn
availability and the relative abundance of f_Gemmatimonadaceae,
suggesting that Zn had inhibitory effects on these microorganisms.
Soil pH was also found to be more effective in influencing bacterial
community compositions, compared to the other environmental
variables. In addition to the indirect influence on reducing heavy
metal availability, soil pH can also directly regulate microbial
community structures by controlling the carbon source utilization
(Ren et al., 2018). Also, when soil pH < 5.5, rhizosphere bacteria
were inhibited and bacterial community functions, including
nutrient cycling related enzymes and proteins that were down
regulated (Jones et al., 2019; Wan et al., 2020).
5. Conclusion

Soil degradation caused by heavy metal contamination and
acidification has serious negative impacts on crop yields. This study
showed that, in comparison to organic amendments (i.e., CMC and
BC), the applications of alkaline amendments on the degraded soils
had better amelioration effects. This was evidenced by the greater
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increases in soil pH, CEC, and P content, the reduction in the
bioavailability of Cd, Cu, Pb, and Zn, and the promotions of lettuce
growth. High throughput sequencing further demonstrated that
the applications of LS and Pcm could result in favored bacterial
community structures.

As cost-effective amendments, in-situ remediation with LS and
Pcm appears to be a promising strategy for the recovery of soil
functions and soil health after degradation by heavy metal
contamination and acidification. To further develop this strategy, a
long-term field experiment should be carried out to assess how to
maintain soil pH within appropriate ranges, and the changes in soil
nutrient levels should also be monitored.
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