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Abstract Recovery of arsenic contaminated areas is a
challenge society faces throughout the world. Revegetation
associated with microbial activity can play an essential role
in this process. This work investigated biological attributes
in a gold mining area with different arsenic contents at
different sites under two types of extant revegetation asso-
ciated with cover layers of the soil: BS, Brachiaria sp. and
Stizolobium sp., and LEGS, Acacia crassicarpa, A. holo-
sericea, A. mangium, Sesbania virgata, Albizia lebbeck and
Pseudosamanea guachapele. References were also evalu-
ated, comprising the following three sites: B1, weathered
sulfide substrate without revegetation; BM, barren material
after gold extraction and PRNH (private reserve of natural
heritage), an uncontaminated forest site near the mining
area. The organic and microbial biomass carbon contents
and substrate-induced respiration rates for these sites from
highest to lowest were: PRNH > LEGS > BS > Bl and
BM. These attributes were negatively correlated with sol-
uble and total arsenic concentration in the soil. The sites that
have undergone revegetation (LEGS and BS) had higher
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densities of bacteria, fungi, phosphate solubilizers and
ammonium oxidizers than the sites without vegetation.
Principal component analysis showed that the LEGS site
grouped with PRNH, indicating that the use of leguminous
species associated with an uncontaminated soil cover layer
contributed to the improvement of the biological attributes.
With the exception of acid phosphatase, all the biological
attributes were indicators of soil recovery, particularly the
following: microbial carbon, substrate-induced respiration,
density of culturable bacteria, fungi and actinobacteria,
phosphate solubilizers and metabolic quotient.

Keywords Microbial biomass - Microbial quotient -
Phosphate solubilizers - Substrate-induced respiration

Introduction

Arsenic (As) is widely distributed in the Earth’s crust
(Kabata-Pendias 2010), but increased mining and industrial
activities have changed the geochemical cycle and release
of As into the biosphere. Gold (Au) mining sites are
characterized by high levels of As (Borba et al. 2003; Lee
et al. 2008; Choe et al. 2009), and the most common
arsenic mineral is a sulfide, arsenopyrite (FeAsS). The
remediation of As-contaminated areas has been a consid-
erable challenge to the scientific community worldwide,
particularly mining sites that have dramatically affected
plant cover (Huang et al. 2004; Dong et al. 2008). A lack of
vegetation in contaminated areas accelerates soil degrada-
tion by water and wind erosion, leading to the contami-
nation of water sources and triggering a ripple effect. The
recovery of soils degraded by excess As is possible through
several processes; of these, revegetation is the most rec-
ommended strategy because of its lower cost and the
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resulting stabilization of the site (Raskin and Ensley 2000;
Gratdo et al. 2005). In addition, the presence of plants, in
particular leguminous species, in mine tailings may
enhance the heterotrophic microbial community, which
may in turn actively contribute to changing the trace ele-
ment speciation and assist the plants in overcoming phy-
totoxicity (Mastretta et al. 2006; Vangronsveld et al. 2009).
The contribution of the soil microbiota to plant growth in
As-contaminated soil under controlled conditions has pre-
viously been reported (Tangahu et al. 2011; Wang and
Zhao 2009; Chopra et al. 2007). According to these
authors, a higher microbial population in the rhizosphere
zone compared to the non-rhizosphere zone may enhance
the bioremediation process. Preliminary studies of the
biological attributes of the soil, including the microbial
biomass and its activities, can provide useful information
needed to determine the correct recovery techniques for
contaminated sites. High As concentrations can exert a
selective effect on the populations, favoring the dominance
of more adapted communities. Thus, microbial communi-
ties are important indicators of the efficiency of phyto-
remediation processes, especially when applying in situ
remediation (Geets et al. 2008). Although the diverse
effects of arsenic on soil microbiota and their processes are
being increasingly explored (Edvantoro et al. 2003; Ghosh
et al. 2004; Bhattacharyya et al. 2008; Ascher et al. 2009;
Wang et al. 2011), no study has evaluated the soil micro-
biota of revegetation in As-contaminated areas in situ.
Therefore, considering that microbial communities are
important ecosystem components and are stimulated by
vegetation, it is relevant to know the impact of As con-
tamination on the density, biomass and activity of soil
microbes in sites degraded by gold mining, both revege-
tated and without vegetation, which is the object of the
present study.

Materials and methods
Description of experimental sites

The soil samples analyzed in the present study were col-
lected in a gold mining area located in Morro do Ouro near
the Paracatu municipality, in the northwestern region of
Minas Gerais State, Brazil. The process involved in the
exploration for gold deposits (spoil-B1 layer) involves the
removal of natural vegetation and then soil removal to
permit gold extraction. This soil removal exposes the sul-
fide substrate (arsenopyrite and pyrite) to weathering,
causing acid mine drainage. The soil removed can be taken
to for processing or, if the gold content is low (barren
material), it can remain in a stockpile until a certain
amount is economically exploitable.

In March of 1997, weathered sulfide substrate (B1) was
covered with a compacted sealing layer (30 cm of Bl
compacted with a mechanical compactor to maximize
compression) (Assis et al. 2011) at two sites that were
covered with diverse plant species (Dias et al. 2000). At
one of these sites, a B1 soil layer with lime (50 cm) was
added after the sealing layer. This site (S 17°11'598" and
W 46°52/299"), called BS, was revegetated with Brachi-
aria sp. and Stizolobium sp.; these species were observed
at the time of soil sampling (December, 2008) in this
study. At the other site, a B1 soil layer with lime (25 cm)
was also added after the sealing layer. Then, a soil layer
(25 cm, B horizon of uncontaminated Oxisol) with lime
was added (Assis et al. 2011). At this site (S 17°11'058”
and W 46°52'588"), called LEGS, growth of different
leguminous species was observed (Acacia crassicarpa, A.
holosericea, A. mangium, Sesbania virgata, Albizia leb-
beck and Pseudosamanea guachapele), as well as an
invasion of Brachiaria sp. and Stizolobium sp. at the time
of soil sampling in this study. These sites were analyzed
for their biological attributes as well as the following
sites, which were used as references: (1) BM—barren
material, economically unusable material due to low Au
grade (S 17°12'050” and W 46°52/481"); (2) Bl—rather
weathered  sulfide substrate  without revegetation
(S 17°12'121” and W 46°52'535"); and (3) PRNH—
private reserve of natural heritage (S 17°10'628” and
W 46°52'151") (Fig. 1).

Soil sampling and physicochemical analysis

Soil sampling was conducted in the rainy season
(December, 2008). At each one of the five sites, four soil
samples composed of five sub-samples (0-20 cm) were
collected, resulting in a total of 20 samples. Soil samples
were placed in 0.5 kg sterilized bags, transported in sty-
rofoam boxes from the field to the Laboratory of Biology,
Microbiology and Soil Biological Processes of the Federal
University of Lavras and kept under 4 °C until processing.
Soil pH was measured in a so0il/H,O suspension
(1:2.5 w/v). Available potassium and phosphorus were
extracted with Mehlich I solution (Mehlich, 1953). Then, K
was determined by flame photometry and P by colorimetry.
Exchangeable Ca, Mg and Al were extracted with
1 mol 17" KClI solution. Both Ca and Mg were measured
by atomic-absorption spectrophotometry and Al by titra-
tion. Organic carbon (Corg) was determined by titration
with a solution of ferrous ammonium sulfate after oxida-
tion of the carbon by potassium dichromate (Walkley and
Black 1934). Total arsenic (As-f) was determined accord-
ing to the USEPA Method 3051A (USEPA 2007), and
soluble arsenic (As-s) was determined by Mehlich I
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Fig. 1 Photos of the different studied sites in the gold mining area. a PRNH site, b B1 site, ¢ barren material site and d LEGS on the left and BS

on the right sites

Table 1 Soils chemical and physical properties of the different sites studied

Sites pH P K Ca Mg Al As-s As-t Sand Silt Clay
(mg dm™®) (mgdm~?) (cmol, dm—®) (cmol, dm—?) (cmol, dm™®) (mgdm®) (mgdm~?) (%) (%) (%)

BM 39 52 5 15 18.7 20.0 5.64 603.2 54 40

Bl 48 49 20 0.2 0.2 0.4 7.02 608.0 15 77

BS 6.5 40.0 23 0.7 12 0.0 453 699.6 28 64

LEGS 60 1.7 50 1.2 1.7 0.2 1.35 26.3 6 26 68

PRNH 48 28 168 0.7 0.7 13 0.05 76.6 23 38 39

pH in H,O, P, K and As-s (Mehlich 1), Ca, Mg and Al (KCI -1 mol/L), As-t (USEPA 3051), Sand, Silt and Clay (Hydrometer Method)

extraction. The extracts used to quantify total and soluble
arsenic were analyzed in a Perkin 22 Elmer Analyst 800
Atomic Absorption Spectrophotometer with graphite fur-
nace atomization. The soil texture was determined using a
hydrometer (Bouyoucos 1951). Chemical and physical
properties and arsenic contents of the soil sampling sites
are shown in Table 1.

Microbial biomass carbon

The soil microbial biomass carbon (Cmic) was determined
by the fumigation-extraction method (Vance et al. 1987).
Briefly, moist soil samples equivalent to 20 g (oven dry
weight) were extracted with 50 ml of K,SO4 (0.5 M) by
shaking for 30 min. Then, the suspension was filtered
through filter papers (Whatman No. 42). In addition, other
20-g soil samples were fumigated for 24 h with ethanol-
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free chloroform. Next, the suspension was extracted with
K>SO, as described above. The Cmic content of the fil-
trates were determined by dichromate oxidation and sub-
sequent titration with ferrous ammonium sulfate.

Basal and substrate-induced respiration

To measure soil basal respiration (BR), a fresh soil sample
corresponding to 20 g dry weight adjusted to 60 % of water
holding capacity was placed in a 1 1 airtight jar along with
10 ml of NaOH (0.5 M) and incubated for 3 days in the
dark at 28 °C. The evolved CO, was trapped by NaOH
solution and subsequently measured by titration with HCI
(0.5 M) using a phenolphthalein indicator (Alef 1995).
Substrate-induced respiration (SIR) values were obtained
using the same method as BR but with the addition of
glucose (0.5 %) to the soil sample.
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Microbial and metabolic quotient

The ratio between Cmic and Corg was used to calculate the
microbial quotient (gMic) (Sparling 1992). The metabolic
quotient (¢gCO,) was calculated by the BR to Cmic ratio
and expressed as mg CO,—C mg~' Cmic h™' (Anderson
and Domsch 1993).

Acid phosphatase

Acid phosphatase activity (Acphos) was quantified
according to the methodology proposed by Dick et al.
(1996). Briefly, 1 g soil mixed with 0.2 ml of toluene, 4 ml
of MUB (modified universal buffer) of pH 6.5 plus 1 ml of
p-nitrophenyl phosphatase solution (0.05 M). The flask
was placed in an incubator at 37 °C for an hour. Then, the
reaction was stopped with 1 ml of 0.5 M CaCl, and 4 ml of
0.5 M NaOH. The intensity of the yellow color of the fil-
trate due to p-nitrophenol was determined using a UV-Vis
spectrophotometer at a wavelength of 410 nm, and the
results were expressed as pg p-nitrophenol g ' soil h™'.

Microbial enumeration

Sub-samples (10 g) of each soil sample were placed in
Erlenmeyer flasks containing 90 ml of sterile saline solu-
tion (0.85 %) for shaking (125 rpm, 30 min), and serial
decimal dilutions were then prepared for inoculation of
0.1 ml aliquots in different media. Colony-forming units
(CFU) of total culturable bacteria were counted in nutrient
agar (g 17') (5 g peptone, 3 g beef extract, 1 g yeast
extract, 5 g glucose, 1,000 ml distilled water, 15 g agar,
pH 6.8, 0.03 % cycloheximide solution). CFU of fungi was
counted in Martin medium (g 17') (10 g glucose, 5 g
peptone, 0.5 g yeast extract, 0.5 g K,HPOy, 0.5 g KH,POy,
0.5 g MgS04-7H,0, 0.3 g Rose Bengal, 15 g agar, 0.03 %
streptomycin solution, 1,000 ml distilled water). CFU of
actinobacteria were counted in starch-casein agar (g 17"
(10 g soluble starch, 1 g NaNO;, 0.3 g K,HPO,, 0.5 g
NaCl, 1 g MgS04-7H,0, 1,000 ml distilled water, 15 g
agar, pH 7). The colonies of bacteria, fungi and actino-
bacteria were counted after incubation at 28 °C for 3, 6 and
8 days, respectively (Martin 1950; Wollum 1982).
Functional groups of microorganisms were also evalu-
ated. CFU of phosphate-solubilizing microorganisms were
determined in two different media. The first was GES
(g 17" (10 g glucose, 100 ml soil extract solution, 2 ml
10 % MgSO,47H,0, 2 ml 1 % CaCl,, 1 ml 10 % NaCl,
2 ml micronutrients solution [0.2 g Ca,MoO,4-2H,0,
0.235 g MnSO,4-H,0, 0.28 g H;BO3, 0.008 g CuSO4-5H,0,
0.024 g ZnSO,4-7TH,0, 200 ml distilled water], 4 ml 1.64 %
Fe-EDTA, 0.1 g KNO3, 15 g agar, pH 6.8. Calcium

phosphate was obtained by adding 50 ml of a 10 %
K,>HPO, solution and 100 ml of a 10 % CaCl, solution to
850 ml of culture medium with 1 1 nutrient composition
equivalent (all autoclaved separately) to produce an insol-
uble phosphate precipitate (Sylvester-Bradley et al. 1982).
The second media was NBRIP (g 17") (10 g glucose, 5 g
Ca3(PO4)2, 5 g MgC126H20, 0.25 g MgSO47H20, 0.2 g
KCl, 0.1 g(NHy),S0Oy, 15 gagar, 1,000 ml distilled water, pH
6.8) (Nautiyal 1999). The designations Ps-GES and Ps-NBRIP,
respectively, were adopted for these attributes. Evaluation of
CFU was performed 15 days after inoculation at 28 °C.

Most probable numbers (MPN) of ammonium oxidizers
(Ammox) were estimated from a dilution series of soil
suspensions inoculated into liquid medium according to the
method described by Sarathchandra (1978).

Four replicates per dilution were used for bacteria, fungi
and actinobacteria, and three replicates per dilution were
used to evaluate solubilizing microorganisms.

Statistical analysis

Data were subjected to analysis of variance (ANOVA) and
the Scott-Knott mean test (5 %) using the statistical program
SISVAR (Ferreira 2011). After the Shapiro-Wilk test, the
SIR and gMic data were transformed using a square root
transformation of (x + 1). The Cmic, gCO,, CFU of bacte-
ria, fungi, actinobacteria, Ps-NBRIP and Ps-GES CFU and
MPN of Ammox were transformed to log(x + 1). The aver-
age values of the biological attributes were subjected to
Pearson correlation tests by Sigmaplot 11.0. Biological
attributes data and Corg, As-t and As-s concentrations were
subjected to principal component analysis (PCA) using the
program CANOCO for Windows 4.5 (Ter Braak and Smil-
auer 2002).

Results
Physicochemical analysis of soil

The sites studied exhibited different pH values (Table 1).
The lowest pH (3.9) was observed at the barren material
(BM) site. The highest pH values (6.5 and 6.0) were observed
at the sites with revegetation (BS and LEGS, respectively).
The levels of P and total arsenic (As-f) were very different in
the revegetated sites. For example, BS had the highest levels
of P (40 mg dm™>) and As-7(699.6 mg dm ™), while LEGS
had the lowest values, which were 1.7 and 26.3 mg dm73,
respectively. The highest levels of soluble arsenic (As-s)
were observed at B1, BM and BS, followed by LEGS and
PRNH. As-f and As-s were statistically similar at LEGS and
PRNH. Texture varied significantly among sites.
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Fig. 2 Soil biological attributes
in different areas [arsenic-
contaminated no cover sites
(BM, B1), undergone
revegetation sites (BS and
LEGS) and uncontaminated site
(PRNH)]. a Corg—organic
carbon, b Cmic—biomass
carbon, ¢ CO, emission—(BR
basal respiration, SIR substrate-
induced respiration), d gMic—
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Organic (Corg) and microbial biomass (Cmic) carbon

Corg and Cmic in PRNH were significantly (P < 0.05) higher
than at the other sites (Fig. 2a, b). The LEGS site had a Cmic
value of 129.9 ug C g~ soil, which was well below that of
the PRNH (619 pg C g_1 soil); however, it was ~ 130 %
higher (P < 0.05) than those values observed for BM, BS and
B1. Corg followed the same trends as Cmic (Fig. 2a, b).

Basal (BR) and substrate-induced (SIR) respiration

BR and SIR were significantly (P < 0.05) higher at PRNH
than the other sites. There were no significant differences
(P < 0.05) between the B1, BS and LEGS sites in terms of
BR wvalues (Fig. 2c), which averaged ~32.5 mg C-
CO, kg™' 24h™" and were half way between those
observed at the BM site (13.7 mg C-CO, kg™' 24 h™")
and PRNH site (62.8 mg C-CO, kg~' 24 h™"). At the
LEGS site, the addition of glucose as a carbon source
stimulated soil microbial respiration, reaching values
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b
LEGS PRNH BM LEGS PRNH

B1 BS

~260 % higher (P < 0.05) than the sites with high con-
centrations of arsenic (BM, B1 and BS).

Microbial (gMic) and metabolic (¢qCO,) quotient

The gMic values ranged from 0.79 to 3.24 % (Fig. 2d).
PRNH had the highest value (P < 0.05) compared to the
other sites. There were no significant differences among the
other sites. The BM, B1 and BS sites had similar gCO,
values (P < 0.05), which were higher than 30 mg C-
CO, mg~"' Cmic h™'. The LEGS and PRNH sites were
also significantly similar (P < 0.05) to each other and had
the lowest values for this attribute: 10.6 and 4.3 mg C-
CO, mg~' Cmic h™', respectively (Fig. 2e).

Acid phosphatase activity (Acphos)
There was higher Acphos activity at the LEGS site

(170.05 pg p-nitrophenol g~' soil h™') (Fig. 2f). The BM
site, which had the highest levels of arsenic contamination,
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Table 2 Colony-forming units (CFU) of bacteria, fungi, actinobacteria and phosphate solubilizers (Ps-NBRIP and Ps-GES) culturable and most
probable number (MPN) of ammonium oxidizers (Ammox) in different sites of mining area with different arsenic contents and conditions of soil

cover

Sites  Bacteria (CFU g~'  Fungi (CFU g~!  Actinobacteria Ps-NBRIP (CFU g=! Ps-GES (CFU g='  Ammox (MPN g~!
dry soil) dry soil) (CFU g™ ! dry soil) dry soil) dry soil) dry soil)

BM 0c 0c 0b 22 x 10%¢ 8.7 x 10'b 0c

B1 29 x 10* b 1.6 x 10* b 4.0 x 10° a 5.0 x 10> b 1.0 x 10> b 24 x 10*b

BS 22 x 10*a 2.7 x 10* a 1.1 x 10* a 1.1 x 10° a 3.0 x 10 a 1.8 x 10°a

LEGS 3.6 x 10%a 83 x 10° a 12 x 10*a 1.5 x 10*a 1.0 x 10* a 24 % 10°a

PRNH 1.4 x 10%a 51 % 10*a 1.4 x 10* a 7.1 x 10° a 37 x 10*a 6.2 x 10° b

Values labeled with different letters are significantly different (P < 0.05) according to the Scott—Knott test. Each value is the mean of four

replicates

had Acphos activity that was statistically similar  negatively correlated (P < 0.01) with gCO,. Culturable

(P < 0.05) to PRNH site. The activity of this enzyme was
low for both B1 and BS (Fig. 2f).

Colony-forming unit (CFU) counts

There was no bacterial, fungal or actinobacteria growth in the
media inoculated with samples from the BM site (Table 2).
The CFU counts for bacteria and fungi at the sites with veg-
etation cover and contamination (BS) or not (PRNH and
LEGS) were significantly similar (P < 0.05) to each other
and significantly higher (P < 0.05) than B1. There were no
significant differences (P < 0.05) in the number of actino-
bacteria among the B1, BS, LEGS and PRNH sites. Only
bacteria grew in both culture media for phosphate solubiliz-
ers. The CFU obtained from samples collected at PRNH, BS
and LEGS were similar (P < 0.05) to each other for both the
NBRIP and GES media and higher than the CFU counts
obtained for B1 and BM. The CFU of Ps-NBRIP for BM was
lower (P < 0.05) than B1. However, there was no difference
(P < 0.05) between these sites for CFU in Ps-GES medium.

There was no growth in ammonium oxidizer (Ammox)
medium inoculated with samples from the BM site. The
MPN of Ammox was significantly higher (P < 0.05) in the
sites that had undergone revegetation (BS and LEGS)
compared to the other sites, including the PRNH. There
were no significant differences (P < 0.05) between the
PRNH and B1 sites for MPN of Ammox.

Correlations between biological attributes and arsenic
concentrations

As-s content was negatively correlated (P < 0.01) with
SIR, Cmic, Corg, culturable fungi and Ps-GES. As-t con-
centration was negatively correlated (P < 0.01) only with
Cmic, Corg and culturable Ps-GES (Table 3). Organic C
was positively correlated with following attributes: BR
(P < 0.01), gMic (P < 0.05), culturable fungi (P < 0.01)
and culturable Ps-GES (P < 0.05). Microbial quotient was

bacteria positively correlated with gCO, (P < 0.05), gMic
(P < 0.05), Ps-NBRIP (P < 0.01) and Ammox (P < 0.01).
In addition to the correlations cited, the CFU of culturable
fungi was also correlated with (BR) (P < 0.01) and Ps-
GES (P < 0.05). Both Acphos and the actinobacteria group
were not correlated with any of the attributes studied,
including As-s and As-f concentrations.

Principal component analysis

According to PCA, we observed that all attributes except
Acphos had higher projections (loading > 0.4 absolute) for
the first principal component (PC1), which explained
~53.3 % of the variation (Fig. 3; Table 4). The second
principal component (PC2) explained 18.6 % of the vari-
ation. Therefore, the first 2 axes together explained 71.9 %
of the variations in terms of the chemical characteristics
(As-t, As-s and Corg) and biological attributes. Spatial
distribution showed that the PRNH and LEGS sites were
located near each other, and they had higher Corg, Cmic,
SIR and gMic and lower As-f, As-s and gCO, values.
However, the BM and B1 sites formed distinct groups and
were characterized as having high values of As-¢, As-s and
qCO, and low biological activity. The bacteria, fungi, ac-
tinobacteria, phosphate solubilizing and Ammox densities
attributed to the BS site were closer to those of the LEGS
site, although the BS site also had a high arsenic content
and high ¢CO, values.

Discussion

Our results show that biological attributes responded rapidly
to changes in the environment due to arsenic contamination.
However, some attributes were more significant than others.
This study can provide useful quality indicators and reveg-
etation strategies for decision makers in terms of environ-
mental protection and the recovery of contaminated areas.
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Table 3 Pearson’s correlation between the attributes studied

BR SIR Cmic qCO, Corg gMic Bact Fungi Ps-NBRIP Ps-GES
SIR 0.78**
Cmic 0.74%* 0.91%**
Corg 0.70%** 0.91** 0.92%* -
gMic 0.46* 0.66%* 0.71%* —0.57%* 0.48*
Bact - - - 0.52% - 0.47%
Fungi 0.58%** 0.67%* 0.70%* - 0.73%* - -
Ps-NBRIP - - - - - - 0.66%* -
Ps-GES - 0.45* 0.51* - 0.57%* - - 0.51% -
Ammox - - - - - - 0.59%* - 0.44* -
As-s - —0.42% —0.46* - —0.54* - - —0.56* - —041*
As-t - - —0.47* - —0.53* - - - - —041*

*P < 0.05, **P < 0.01
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Fig. 3 PCA of biological attributes and total and soluble arsenic
contents in As-contaminated sites (BM and B1), sites undergone
revegetation (BS and LEGS) and reference area (PRNH) in the gold
mine

Effects of total (As-f) and soluble (As-s) arsenic
contamination on soil biological attributes

Of the 5 study sites, BM, B1 and BS had As-f concentrations
above the maximum value established by the Brazilian
Ministry of the Environment for industrial intervention,
which is 150 mg As kg_1 (CONAMA 2009) (Table 1).
According to this governing body, this criterion refers to the
concentration of a particular chemical substance in the soil or
groundwater above which there is increased potential for a
direct or indirect impact on human health. However, As-
s that is more readily available to organisms in general
demonstrated a higher number of correlations with biologi-
cal attributes than total arsenic. All the biological attributes
evaluated were influenced by arsenic concentrations and/or
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Table 4 Loading for PC1 and PC2 of the PCA

Attributes Principal components®
PC1 PC2
Eigenvalues 7.99 2.79
Propotions 0.533 0.186
Rotated loading on components
BR —0.70° 0.03
SIR —0.88° 0.27
Cmic —0.84° 0.39
qCO; 0.50° —0.49°
Corg —0.67° 0.62°
gMic —0.68° 0.20
Acphos —0.17 0.60°
Bacteria —0.81° —0.53°
Fungi —0.86° —0.41°
Actinobacteria —0.82° —0.48°
Ps-NBRIP —0.74° —0.47°
Ps-GES —0.85° —0.14
Ammox —0.77° —0.51°
As-s 0.71° —0.46°
As-t 0.63° —0.36

* Only components with Eigen values >1 and that explains >10 % of
the total variance were considered

®  Attributes with significant projections on the principal components

soil cover conditions. The lower arsenic contents in LEGS
sites can be explained by the uncontaminated soil cover layer
where soil samples were taken.

Soil organic and microbial biomass carbon
The PRNH site had Corg and Cmic values that were higher

than the other sites, which can be explained by the absence
of contamination and diversified vegetation cover, which
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are characteristics of naturally protected environments.
Such an environment favors the establishment of an active
and efficient microbiota, which is consistent with Silva
et al. (2010) and Cardoso et al. (2009) (Fig. 2a, b). Con-
versely, the LEGS site had Cmic values that were ~79 %
lower than the PRNH site. In the BM, B1 and BS sites,
the decrease was even more marked, ranging from 90 to
95 %. Edvantoro et al. (2003) studied different types of
As-contaminated soils that had total As concentrations of
up to 2.941 mg kg~' and observed reductions in Cmic
values ranging from ~50 to 90 % compared to uncon-
taminated soils. Cmic is one of the most studied soil bio-
logical attributes, and its values vary depending on the soil
type, coverage conditions, weather, land use system, type
of soil management adopted and the presence of contami-
nants such as trace elements (Feigl et al. 1995; Ghosh et al.
2004; Vasquez-Murrieta et al. 2006). In soils contaminated
with these elements, values below 100 pg C g~ ' are gen-
erally observed, whereas in uncontaminated or preserved
sites, Cmic values can be up to or even exceed 1,000 ng
C g~ ' soil (Feigl et al. 1995; Edvantoro et al. 2003; Wang
et al. 2007; Li et al. 2009). Our values are within the range
reported in the literature.

The Corg contents of the contaminated sites BM, Bl
and BS correspond to ~30 % of that observed in the
PRNH, whereas this value was ~42 % for the LEGS site,.
Although there was vegetation cover at the BS site, it
seems that it was not sufficient to increase the Corg con-
tent. In contrast, the LEGS site, where different leguminous
species were planted, was clearly aided by the addition of
nitrogen to the soil, which results from biological fixation
and from carbon compounds introduced via rhizodeposi-
tion and necromass (Moreira et al. 2006).

Basal and substrate-induced respiration

The low Corg content affected the respiration rate at the
BM, BI, BS and LEGS sites compared to the natural
reserve (PRNH) (Table 3; Fig. 2a, c). At the BM site, the
highest aluminum content and very low pH were also
unfavorable to soil respiration, resulting in the lowest value
among the studied sites (Table 1; Fig. 2c). Reductions in
CO, emissions due to a decrease in substrate availability
via loss of vegetation and also to an increased contaminant
concentration have been reported (Edvantoro et al. 2003;
Ghosh et al. 2004; Vasquez-Murrieta et al. 2006; Cycon
and Piotrowska-Seget 2009). However, other characteris-
tics of the soil can affect CO, emissions (Vasquez-Murrieta
et al. 2006).

The strong increase in the SIR after the addition of
glucose for the LEGS site indicates the presence of an
edaphic microbiota that is capable of responding to stimuli
arising from the supply of organic carbon (Fig. 2¢). This

information is highly useful, especially for the rehabilita-
tion of contaminated sites, because it indicates that when
management practices that favor the contribution of carbon
are applied, there will be satisfactory soil microbe
responses at these sites. Indeed, it is well known that plants
influence the activity of the soil microbiota by releasing
exudates, particularly sugars, through the rhizodeposition
process (Yang et al. 2007; Jones et al. 2009).

Metabolic and microbial quotient

Generally, gMic values fall between 1 and 4 % but can
vary depending on management conditions and ground
cover (Jenkinson and Ladd 1981; Smith and Paul 1990). In
our work, gMic values were within this range (Fig. 2d).
Normally, low gMic values are found in contaminated or
degraded environments, whereas preserved or non-polluted
environments have high values; this has resulted in the
frequent use of this biological attribute in studies examin-
ing soil quality (Ghosh et al. 2004; He et al. 2005; Wang
et al. 2007).

The low gMic values for BM, B1, BS and LEGS indi-
cate that a proportionally larger amount of non-microbial C
is present in the organic carbon fraction of the soils of these
sites (Fig. 2d). Surprisingly, the gMic for LEGS did not
increase proportionately with the deposition of plant resi-
dues. This finding is consistent with observations reported
by Wang et al. (2004), who studied the effects of different
vegetation systems on soil microbial biomass. Conversely,
the low values for the BM, B1 and BS sites are justified by
the toxic effects of As contamination on microbial biomass,
and the correlation between Cmic and As content (total and
soluble) supports this assertion (Table 3).

The lowest gCO, values were found at the PRNH and
LEGS sites (Fig. 2e). Lower gCO, values indicate better
conditions for the soil microbial community. Conversely,
high gCO, indicates a stressed microbiota (Anderson and
Domsch 1993). Our results indicate that the LEGS site had
more favorable conditions for an edaphic microbiota
compared to the contaminated sites (BM, BS and BI),
which had lower Cmic, BR and SIR values. Therefore, at
these sites, the presence of adverse conditions for soil
microorganisms, such as high As concentrations, was
reflected in the higher gCO, values. Under such conditions,
soil microorganisms tend to direct their metabolism toward
biomass maintenance at the expense of increasing their
population. gCO, has been reported as a sensitive indicator
of soil disturbances, particularly for toxic contaminants
such as arsenic and other heavy metals such as Zn, Cu, Cd
and Pb (Brookes 1995; Dias Junior et al. 1998; Ghosh et al.
2004; Ascher et al. 2009). Although no correlation was
found between gCO, and As content, sites with no As
contamination had low gCO,.
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Acid phosphatase activity

Phosphatases are enzymes that are induced and synthesized
under conditions of low phosphorus availability (Schinner
et al. 1996; Allison et al. 2007; Nannipieri et al. 2011;
Sarkar et al. 2013). This explains the highest activity of this
enzyme for the LEGS site (Fig. 2f), which had the lowest P
level in the soil (Table 1). However, other factors also
affect the activity of this enzyme; for example, it has been
reported that soil physicochemical (soil moisture, clay
content, soil depth, organic matter, pH and nutrient con-
tent) and biological (microbial density and activity) prop-
erties as well as the presence of contaminants influence soil
phosphatase activities (Juma and Tabatabai 1977; Tabata-
bai 1994; Speir and Ross 2002). It is known that low pH
decreases the availability of inorganic P, particularly in
tropical soils due the formation of iron and aluminum
phosphates. In this situation, to compensate for the low
availability of phosphorus in BM and B1 (Table 1), pop-
ulations of surviving microorganisms capable of synthe-
sizing phosphatase increase production of this enzyme to
access the P contained in organic matter. This explains why
sites such as these, even contaminated and with no cover,
exhibited phosphatase activities similar to PRNH and BS,
both with vegetation cover (Fig. 2f). Therefore, in our
study phosphatase activity was not directly affected by As
content, and this was confirmed by the absence of corre-
lation between these parameters (Table 3). Ours results
were different that those reported by Speir et al. (1999) and
Juma and Tabatabai (1977), who observed strong inhibi-
tory effects of As on phosphatase activities. According to
Nannipieri et al. (2011), inhibition of enzyme activity by a
pollutant may be masked by the growth of surviving
microorganisms that express the genes coding the enzyme.

Colony-forming unit (CFU) counts

In our study, soil cover influenced the densities of cultur-
able microorganisms, given that the highest numbers of
CFU of bacteria, fungi, Ps-NBRIP and Ps-GES were
observed for the BS, LEGS and PRNH sites (Table 2),
which were the sites that had vegetation cover. The lack of
fungal, bacterial, actinobacterial and Ammox growth for
BM indicates the highly adverse soil conditions charac-
terized by elevated arsenic concentrations and a lack of
vegetation, although it is well known that no one medium
is able to support growth of all culturable microorganisms
and that these microorganisms represent ~1 % of the
microbiota. However, growth was observed for other sites
but was lower for B1, which was contaminated without
vegetation (Table 2). The lack of significant differences for
cultivable actinobacteria and Ammox between B1 and sites
with vegetation cover (BS, LEGS and PRNH) indicate the
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greater tolerance of these microbial groups to adverse
conditions. This effect can be attributed to low competition
among soil microorganisms due the selective pressure,
causing resistant groups (in B1 and BS) to increase their
populations to the detriment of non-resistant groups (Baath
et al. 1998; Wang et al. 2011). The occurrence of Ps at the
BM site and the absence of other microbial groups may be
due to incubation time; the NBRIP and GES culture media
were incubated for 15 days, whereas bacterial and fungal
culture media normally last only up to 7 days (Wollum
1982). This same incubation time effect may also explain
why the Ps-GES CFU number was higher than the number
of bacteria in the PRNH site, although these media have
different compositions that can influence growth. The
higher tolerances observed for fungi and actinobacteria had
previously been reported by Oliveira and Pampulha (2006)
in a study examining multi-element contaminated soil,
which included arsenic contamination.

Correlations between biological attributes, arsenic
concentrations and the principal component analysis

The sites with higher As concentrations were those with
little vegetation cover (BS) or no cover (BM and B1), and
consequently these sites had low Corg (Fig. 2a). This effect
explains the negative correlations between this attribute and
the As-s and As-t concentrations (Table 3). Organic matter
had a major influence on soil microbes because several
processes performed by microorganisms depend on nutri-
ents and energy from this fraction of the soil (Williamson
and Johnson 1994; Kaiser et al. 1995; Powlson et al. 2001).
Thus, the factors that negatively affect the supply of carbon
in the soil, such as arsenic contamination, also directly or
indirectly affect the biological attributes of the soil. For
example, Cmic, which is part of living organic matter, was
greatly affected by the presence of arsenic in the soil and
correlated negatively with the soluble and total fractions of
this element (Table 3). Cmic is quite sensitive to changes in
the soil environment and thus has been one of the most
evaluated biological attributes in studies of soils impacted
by trace elements (Edvantoro et al. 2003; Ghosh et al. 2004;
He et al. 2005; Renella et al. 2008). Soluble arsenic nega-
tively affected the density of culturable fungi (Table 3).
This group represents one of the primary components of the
microbial biomass, which can reach ~70-80 % and
account for up to 80 % of the activity in acidic soils
(Anderson and Domsch 1975). Of the respiratory activities,
only SIR was significantly correlated with As-s, and of the
solubilizers, Ps-GES was negatively correlated with both As
fractions. These two attributes are related to the presence of
phosphate groups for cellular activity. It has been reported
that arsenate (As™>), which is notably similar to the
phosphate group, can replace phosphate in DNA
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macromolecules, compete for phosphate transporters, or
inhibit ATP synthesis (Paivoke and Simola 2001; Rosen
2002). Thus, the metabolic processes for which phosphate is
a contributing factor may be partially compromised or
completely inhibited due to As contamination. Cmic and
Corg had high positive correlations with BR and SIR
(Table 3). As these soil carbon fractions were affected by
arsenic content, microbial respiration should have been
indirectly affected.

In studying the chemical, physical and biological attri-
butes of the soil, we should consider the complex inter-
actions between them. Thus, multivariate analyses are
useful tools for obtaining more generalized inferences
about the combinations of these factors. In our study, based
on the PCA, we observed that all the biological attributes
except Acphos were good indicators of As contamination
(Fig. 3; Table 4) and had positive loadings > 0.5 (absolute
values). These results explain the grouping of the PRNH
and LEGS sites, which are characterized by high microbial
biomass and activity and also explain the separation of the
B1 site from the others, which was due to its low microbial
activity caused by the high As concentrations and conse-
quently the high gCO, emissions. Conversely, the BM site,
which also had high levels of contamination and a lack of
vegetation, was separated from the other sites because it
had notably few culturable microorganisms (bacteria,
fungi, actinobacteria, Ps-NBRI, Ps-GES and Ammox).

The grouping of the PRNH and LEGS sites (Fig. 3) is a
significant result because it indicates that revegetation,
especially by legumes, associated with an uncontaminated
soil cover layer effectively contributed to the return of an
edaphic microbiota and its processes to conditions that
were similar to a natural environment. Considering only
loadings greater than 0.8 (absolute values), the most
indicative biological attributes to discriminate these sites
were as follows: microbial biomass, carbon, substrate-
induced respiration, density of culturable bacteria, fungi
and actinobacteria and phosphate solubilizers in GES
medium.

Conclusions

Arsenic contamination and lack of vegetation cover
strongly affected the biomass and microbial activities of the
soil; despite this, however, microorganism biomass and
activity can be found in these highly contaminated sites.
Revegetation using different legumes and an uncontami-
nated soil cover layer effectively contributed to the
improvement of the biological conditions of the soil. The
attributes that best explain these results were as follows:
microbial biomass carbon, substrate-induced respiration,

density of culturable bacteria, fungi and growth of actino-
bacteria and phosphate solubilizers in GES medium.
Future research endeavors should focus on testing these
revegetation strategies in other areas contaminated with
arsenic or other contaminants as well as the usefulness of
the most sensitive biological attributes as quality indicators.
Additionally, extant microorganism populations in areas
with high levels of arsenic contamination must be isolated
and studied in relation to their tolerance mechanisms and
biotechnological potential as plant growth promoters.
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