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ARTICLE INFO ABSTRACT

Metal-polluted soils represent hostile environments affecting the composition and functions of soil microbial
communities. This study evaluated the implication of combining the mycoremediated dry olive residue (MDOR)
amendment application with the inoculation of the arbuscular mycorrhizal fungi (AMF) Funneliformis mosseae in
restoring the quality, composition, and functionality of soil microbial communities. To achieve this aim, a
mesocosms experiment was set up that included three variations: i) with and without application of Penicillium
chrysogenum-10-transformed MDOR (MDOR_Pc), and Chondrosterum purpureum-transformed MDOR (MDOR_Cp)
amendments; ii) with and without F. mosseae inoculation; and iii) 30-day and 60-day soil treatment time. As a
result of this combined treatment, changes in the soil labile organic C and N fractions were observed throughout
the experiment. Increases in the abundance of phospholipid fatty acids (PLFAs) for bacteria, actinobacteria, and
Gram— and Gram+ bacteria were also recorded at the end of the experiment. The addition of MDOR
amendments boosted fungal and AM fungi communities. AM fungi root and soil colonization was also enhanced
as the result of improvement nutrient turnover and spatial conditions caused by adding MDOR in combination
with an inoculation of F. mosseae. The composition and functionality of microbial communities seemed to be an
important ecological attribute indicating an apparently fully functional restoration of this metal-polluted soil
and therefore suggesting the suitability of the combined MDOR and AM fungus treatment as a reclamation
practice.
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1. Introduction and functioning of ecosystems. The incorporation of organic amend-

ments to metal-polluted soils has been suggested as a suitable option for

Soils affected by mining and smelting activities can represent ad-
verse and hostile environments for living organisms as the result of the
accumulation of available metals, acidic pH, lack of organic matter
(OM) and nutrients, and the poor structure of aggregates (Epelde et al.,
2014). The presence of metals can negatively affect the turnover of soil
microorganisms and soil respiration and their activities, thus altering
nutrient cycles (Giller et al., 2009). Therefore, strategies to improve the
quality of metal-polluted soils are needed to guarantee the restoration

enhancing the soil pH, OM content, and the microbial structure and
functionality with subsequent metal bioavailability reduction (Garcia-
Sanchez et al., 2015a, b). Among the different organic amendments,
such as, anaerobic digestion residues (digestate) and/or composts, used
in recovering of metal degraded-soil (Alvarenga et al., 2008; Epelde
et al., 2014; Garcia-Sanchez et al., 2015a; Zornoza et al., 2015), the
application of mycoremediated dry olive residue (MDOR) has resulted
in a profitable strategy in decreasing the bioavailability of metals
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(Hovorka et al., 2016). The MDOR, which consists of the biological
transformation of dry olive residue (DOR) through different species of
saprophytic fungi with potential abilities to convert/transform the DOR
into a suitable soil amendment (mycoremediation), has been reported
as an environmentally sound management option for its use as an or-
ganic amendment, as previously observed by Sampedro et al. (2004).
The fungal transformation is due to the production of a set of extra-
cellular oxidoreductases by fungi that have enormous potential to de-
grade DOR's toxic substances (Reina et al., 2013, 2017). The mycor-
emediation of DOR also implies a degree of humification, as the result
of the fungal OM transformation; this also favors stabilization prior to
soil application as a suitable organic amendment (Sampedro et al.,
2007, 2009a; Siles et al., 2014a, b). Such characteristics suggest that
MDOR could be used as an organic amendment for recovering the
quality and functionality of metal-polluted soils.

Arbuscular mycorrhizal fungi (AMF) are globally distributed soil
microorganisms that form a symbiotic association with more than 80%
of terrestrial plants (Smith and Read, 2008). The AMF confer multiple
benefits to plants by increasing soil nutrient uptake, and improving
plant water relationship, stability of soil aggregates, and plant protec-
tion against metal toxicity (Meier et al., 2012; Philippot et al., 2013;
Veresoglou and Rilling, 2011). Although the ability of AMF to explore
environments degraded by metals has been reported, the diversity and
abundance decrease with increasing metal content, and some strains
are more resistant than others (Hildebrandt et al., 2007; Zarei et al.,
2010). However, Alguacil et al. (2011) and Montiel-Rozas et al. (2016)
have reported significant increases in the diversity of AM fungal po-
pulations associated with shrub roots as well as their adaptation to
different levels of contamination as the result of the application of or-
ganic amendments in historically metal-polluted areas. In addition,
these results are consistent with the findings that demonstrated shifts in
the microbial community composition and functionality in a metal-
polluted soil through the combination of adding fermented organic
wastes and inoculating with AM fungus (Kohler et al., 2016). The evi-
dence suggests the combination of AM fungi with organic amendments
could result in the establishment of a fully-functional soil microbial
community that will lead to monitoring programs to ensure the re-
storation of soil functions.

To date, MDOR has shown potential for the stabilization of metals
such as Cd, Pb, and Zn (Hovorka et al., 2016; Garcia-Sanchez et al.,
2014). A combined treatment involving MDOR and AM fungus appli-
cation has only been studied in terms of percentages of root coloniza-
tion and plant biomass (Sampedro et al., 2008). Therefore, the role of
the interaction of AM fungus and MDOR addition on the micro-
biological soil attributes of ecological relevance has scarcely been stu-
died. In this view, we hypothesized that combining treatment with
MDOR amendments and AM fungus applications would be a sustainable
means of restoring the functions in a metal-polluted soil. To probe this
hypothesis, we evaluated the influence on the soil quality, composition,
and functionality of microbial communities of Penicillium chrysogenum-
10-transformed MDOR (MDOR _Pc), and Chondrosterum purpureum-
transformed MDOR (MDOR _Cp) application along with the AM fungus,
Funneliformis mosseae, inoculation. MDOR amendments were chosen
according to their different fungal ability in decreasing DOR toxic
substances, which in turn might lead to differences in relation to the
degree of organic matter humification (Sampedro et al., 2004, 2007;
2009a; Reina et al., 2013, 2017; Garcia-Sanchez et al., 2014), and thus
induce difference soil response. F. mosseae was selected as a suitable
mycorrhizal inoculum because it has been reported as the most abun-
dant AMF in soil metal-polluted soils (Alguacil et al., 2011). Soil che-
mical parameters [C (Co, TOC, and WSOC) and N (Ny,)], the compo-
sition of phospholipid fatty acids (PLFAs), and neutral lipid fatty acids
(NLFA), and the analysis of microbial activities (dehydrogenase, ar-
ylsulphatase, B-glucosidase, phosphatase, and protease) were measured
as ecological attributes to evaluate the sustainability of this practice in
recovering the functioning of this metal-polluted soil.
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Table 1
Physico-chemical characteristics of DOR and MDOR amendments (n = 3).
Soil MDOR _Pc MDOR_Cp

pH 7.14 = 0.17 6.50 = 0.02 6.93 = 0.01
CEC (mmoles kg) 149.11 + 2.53 518.40 = 16.28 610.62 = 12.55
Ceot (gkg™) 38.53 + 0.67 472.20 = 3 462.40 *+ 2.72
Neot (g kg™1) 3.13 = 0.04 22.10 = 0.50 28.20 = 1.40
C/N 12.30 = 0.14 21.37 = 0.41 16.44 = 0.77
TOC (g kg™ ") 17.12 = 0.42 131.10 + 6.80 160 *+ 4.46
Phenols (gkg™")  nd 52.97 + 4.54 4491 + 4.34
Ergosterol (uM) 6.80 = 0.2 50 = 7.19 39 £ 5.22
P (mg kgfl) 272 + 19.60 984.66 = 32.26 536.66 = 20.28
K(gkg™ " 3.04 * 0.10 6.72 * 0.65 8.05 + 0.70
Mg (g kg™ ) 1.95 * 0.07 0.71 + 0.01 0.64 + 0.03
Ca(g kgfl) 2.30 = 0.08 1.40 = 0.03 1.67 = 0.07
S (mg kg™ 1) 186.66 + 14.81 590 + 14.63 434 = 15
Fe (gkg™ ") 15.60 = 0.35 0.18 = 0.04 0.50 = 0.36
Mn (mg kgfl) 1713 = 78 5.34 = 0.20 7.10 = 1.90
Zn (mg kg™ 1) 1937 + 76.61 14.24 = 3.40 40.26 + 27.44
Cd (mg kg™ 1) 13.7 = 1.40 n.d n.d
Cr (mg kg™1) 17.63 = 1.06 1.01 * 0.07 1.13 + 0.20
Cu (mg kgfl) 30.26 + 2.45 7 = 0.13 6.62 = 0.36
Pb (mg kg™ ") 1603 + 65.65 n.d n.d

n.d. Not detected.
2. Material and methods
2.1. Soil description and sampling

The soil samples studied in this experiment were collected close to
Trhové Dusniky village, which is located in the Pfibam district of the
Czech Republic. Polymetallic mineral deposits, such as Pb, Cd, and Zn,
have accumulated extensively in this soil during recent years as the
result of intense regional mining and smelting activities. A detailed
description of the study area has been published elsewhere (Vanék
et al., 2005). According to the FAO (2006), this soil is classified as
Fluvisol; its physico-chemical and microbiological characteristics are
shown in Tables 1 and 2. All soil samples were obtained by mixing sub-
samples collected from different zones of the field area at a depth of
0-20 cm. Subsequently, the soil was homogenized, air-dried at room
temperature, and finally passed through a 5mm mesh sieve. The soil
was stored in polythene bags until its use.

2.2. Biological transformation of DOR (mycoremediation)

The fungi used for the mycoremediation of the DOR were P. chry-
sogenum-10 (EEZ 10) and C. purpureum (DSMZ4894). The fungi were
pre-cultured on 2% MEA for 2 weeks at 24 °C to maintain the fresh in-
oculum. DOR was collected from the manufacturing company Sierra
Sur S.L. (Granada, Spain), and then was sterilized by autoclave 3 times
(121 °C for 20 min) and then frozen at — 20 °C until use.

The mycoremediation of DOR was done using the solid state

Table 2
Microbiological properties microbial activities in soil (n = 3).
Fluvisol

PLFA, (mg kg™") 2.40 + 0.70
PLFAg,, (mg kg™ 1) 0.011 + 0.0021
PLFAp,. (mg kg™ 1) 1.53 + 0.50
PLFA, (mg kg™ ") 0.32 = 0.08
PLFAGram+ (mg kg™") 0.36 + 0.23
PLFAGam. (mg kg™") 0.74 + 0.16
NLFAAvr (mg kg ™) 5.60 + 1.93
Dehydrogenase (ug TPF g~' day ') 8.62 + 5
B-Glucosidase (mg PNP g~ ' h™1) 1.29 + 0.27
Phosphatase (mg PNP g~ ' h™ 1) 2.52 = 0.14
Arylsulphatase (ug PNP g~ ' h™1) 901.87 + 102.15
Protease (ug Tyr g~ ' h™1) 24.23 + 5.6
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fermentation to accelerate the fungi abilities in DOR transformation as
previously described by Reina et al. (2013). For this purpose, Erlen-
meyer flasks (250 mL) were initially used to pre-culture the fungi in a
barley-based medium (18 g of barley seeds and 30 mL of sterile water).
The content of 4 fungal agar plates homogenized in 80 mL of sterile
water (55% v/w) was used to inoculate the barley seeds. After 1 week
of growing, the barley-seed media inoculated with fungi were mixed
with sterile DOR (50% w/w), and moistened with sterile water. Flasks
with barley-seed media non-fungi-inoculated were also mixed with
DOR and used as control. The experiment was conducted in triplicate.
The MDOR_Pc and MDOR_Cp amendments were collected after 4 weeks
of incubation and sterilized by autoclaving. Thereafter, samples were
sieved (2 mm mesh), manually homogenized, and kept at 4 °C. Before
setting up the experiment, both DOR and MDOR amendments
(MDOR _Pc and MDOR _Cp) were characterized, and their chemical
properties are shown in Table 1.

2.3. Arbuscular mycorrhizal fungi (AMF) inocula and quantification

The AM fungus used in this experiment was F. mosseae (formerly
Glomus mosseae); the mycorrhizal inoculum was obtained using trap-pot
cultures of Medicago sativa L., consisting of soil, spores, mycelia, and
colonized root fragments (10 sporocarps g~ !, with 1-5 spores per
sporocarp). The percentage of mycorrhizal fungi root length infected
was estimated using the methodology described by Giovannetti and
Mosse (1980) after the root system was cleared and stained (Phillips
and Hayman, 1970). The external mycelium was extracted by sieving
3 g of fresh soil through 700 and 100 pm sieves. The material retained
in the 100 um sieve was transferred to a nylon membrane (32 um) and
stained with fuchsine acid solution (0.05%) and then hyphae length
was quantified under a stereoscopic microscope at 100 x (Giovannetti
and Mosse, 1980).

2.4. Experimental set up

The experiment was set up in a series of identical polypropylene
pots with an individual total volume of 0.3 L. Approximately 300 g of
metal-polluted soil was placed in each pot. The experimental design
consisted of a randomized factorial system with three factors of varia-
tion consisting of two levels. The first factor comprised soil with and
without MDOR amendment application; the second one included soil
with and without F. mosseae inoculation; the third consisted of the ex-
perimental conditions, 30 and 60 days of soil treatment. MDOR
amendments, MDOR Pc and MDOR Cp, were applied and manually
mixed with the soil to reach concentrations of 50 gkg ™!, as previously
reported by Siles et al. (2014a, b). One half of the amended pots were
inoculated with F. mosseae by adding 8 g of inoculum, as suggested by
Garcia-Sanchez et al. (2014); meanwhile, the other half received the
same weight of inoculum filtrate (Whatman no. 1 filter paper) con-
taining soil microbiota free of AM fungal propagules. Soil samples with
and without DOR application and F. mosseae inoculation were also set
up and used as a control. The moisture of the soil was brought to 60% of
the soil water holding capacity. Five replicates were established for
each treatment. One 15-day-old wheat plant (Triticum aestivum L.) was
planted in each pot. The experiment was run in greenhouse conditions
(supplementary light 25/19 °C and 50% relative humidity) and plants
were regularly watered in order to maintain the same initial moisture
conditions. After 30 and 60 days of experiment, soil samples from each
pot were homogenized, sieved (2 mm mesh), and subdivided into three
subsamples. The first subsample was air-dried at room temperature for
chemical analysis, the second was kept at 4 °C for biochemical analysis,
and the third was frozen at — 80 °C and then freeze-dried for PLFA and
NLFA analyses. Wheat plants were also harvested and the weight of the
shoots and roots were recorded after drying the material at 105 °C for
72h.
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2.5. Chemical analysis

The content in total C (Cy) and N (Ny,) was determined using a
CNS analyzer (Leco Corp., St. Joseph, MI, USA). Total organic carbon
(TOC) was assayed by the wet oxidation method proposed by
Mingorance et al. (2007). The reaction was carried out with 3 mL
K,Cr,0; and 6 mL H,S0,, and the Cr** resulting from organic C oxi-
dation were determined using spectrophotometry (590 nm). The water
soluble organic carbon (WSOC) of soil samples was extracted with de-
ionized water at 1:10 [soil:water (w/v)] and the organic carbon was
quantified using the same methodology as mentioned above.

2.6. PLFA and NLFA analysis

The PLFAs were extracted from 1 g of freeze-dried soil samples with
a mixture of chloroform-methanol-phosphate buffer (1:2:0.8, v/v/v), as
previously described by Bligh and Dyer (1959). Thereafter, the lipids
were fractioned into neutral lipids (NLFA), glycolipids, and polar lipids
(PLFAs), using an extraction cartridge (LiChrolut Si-60, Merck, White-
house Station, USA), and then NLFA and PLFA were subjected to mild
alkaline methanolysis, as described by Snajdr et al. (2008). The free
methyl esters of NLFA and PLFAs were analyzed by gas chromato-
graphy-mass spectrometry (450-GC, 240-MS ion trap detector, Varian,
Walnut Creek, CA), following the same procedure described by
Sampedro et al. (2009b).

The soil microbial community composition was determined using
the following PLFAs: Fungal biomass (PLFA,,) was estimated on the
basis of 18:2w6,9 content (énajdr et al., 2008). Bacterial biomass
(PLFApa.) was quantified as the sum i14:0, i15:0, al5:0, 16:1w5,
16:1w7, 16:1w9, 10Me-16:0, i16:0, i17:0, al7:0, cy17:0, 17:0, 10Me-
17:0, 18:1w7, 10Me-18:0, and cy19:0. Actinobacterial biomass
(PLFA,.) was determined according to 10Me-16:0, 10Me-17:0, and
10Me-18:0. The ¥ PLFAs content was used to estimate the total mi-
crobial biomass (PLFA). The NLFA 16:1w5 was assigned as a marker
for the quantification of AM fungi (Olsson et al., 2003). Different mi-
crobial ratios F/B [(PLFAg,,/PLFAp..)], G+/G— [(Gram-positive/
Gram-negative bacteria, i14:0, i15:0, al5:0, i16:0, i17:0, al7:0 and
16:1w7, 16:1w9, 18:1w7, cyl7:0, cyl19:0, respectively)], F/AMF
[(PLFA¢,,/NLFAAMr)] stress indicators [cy/pre ((cyl7:0 + cy19:0)/
(16:1w7/18:1w7)), and S/M (Saturated PLFAs/Monosaturated PLFAs)]
were also calculated, as Siles et al. (2014a) previously described.

2.7. Enzymatic activities

Dehydrogenase activity (EC 1.1) was quantified according to the
Garcia et al. (1997) method. Arylsulphatase (EC 3.1.6.1), phosphatase
(EC 3.1.3.1), and B-glucosidase (EC 3.2.1.30) were assessed following
the method described by Tabatabai and Bremmer (1970) and Eivazi and
Tabatabai (1977, 1988), respectively. Protease activity (EC
3.4.2.21-24) was determined according to the Ladd and Butler (1972)
method.

2.8. Statistical analysis

MDOR amendment applications, AM fungus inoculation, and time
of soil treatment effects and their interactions on parameters measured
were analyzed by a factorial analysis of the variance (ANOVA).
Comparison of means was performed using the Tukey test at three le-
vels of significance: *p=0.05; **p=0.01; ***p=0.001, using the SPSS
software version 17.0.
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Table 3
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Soil chemical variables measured in metal-polluted soil samples in response to MDOR amendment (MDOR_Ff, MDOR_Pc, MDOR _Ba, and MDOR_Cp) application and

F. mosseae (AMF) inoculation after 30 and 60 days of experiment (T). Values represent the mean =+ standard deviation of four replicates (n = 4).
T Control MDOR _Pc MDOR_Cp
-AMF + AMF -AMF +AMF -AMF +AMF
Ceot (8 kg’l) 30 35.24 + 1.24 37.83 = 3.10 46.35 + 3.52 43.77 *+ 4.25 44.02 * 1.97 42.14 = 1.79
60 40.05 + 1.88 35.52 = 0.61 39.37 = 241 37.87 = 0.85 41.91 * 2.77 38.56 + 0.74
TOC (g kg_l) 30 16.81 = 0.44 18.38 + 3.34 20 = 0.72 18.37 = 0.61 18.80 = 0.76 19.27 = 0.43
60 17.03 = 0.38 16.93 = 0.52 19.30 = 0.57 19.48 = 0.65 20.23 + 1.50 19.60 * 1.07
WSOC (g kg’l) 30 5.12 + 0.54 4.14 = 0.20 6.44 = 0.47 5.90 = 0.66 5.67 = 0.48 4.88 = 0.77
60 1.92 + 047 1.60 = 0.62 2.98 + 0.72 3.26 = 0.16 3.52 = 0.30 2.60 = 0.52
Niot (8 kgfl) 30 2.85 *+ 0.14 3.08 = 0.23 3.73 = 0.20 3.52 + 0.24 3.52 + 0.17 3.40 = 0.13
60 3.35 = 0.13 2.83 = 0.09 3.10 = 0.17 3.11 + 0.08 3.18 = 0.09 3.17 = 0.13

3. Results

3.1. Effect of MDOR amendment application and AM fungus inoculation on
soil chemical parameters

As shown in Table 3, the application of MDOR amendments to soil
samples non-inoculated with the AM fungus resulted in an increase in
the Cior, TOC, WSOC and Ny, content in comparison with those non-
amended soil samples (P=0.001, P=0.001, P=0.001, P=0.001, respec-
tively). Interestingly, the application of MDOR Pc resulted in a sig-
nificant increase of the WSOC content in relation to MDOR_Cp . A de-
cline was detected in WSOC content (T, P=0.001)in MDOR-amended
soil samples after 60 days of experiment; however, the interaction be-
tween MDOR amendments and time had a significant effect on C,,, and
N values (MDOR X T, P < 0.001, P < 0.001) (Table 3). The pre-
sence of the AM fungus provoked a significant increase in the C,, and
Nyt content (Table 3), whereas the WSOC content experienced a sig-
nificant decline (AMF, P < 0.01, P < 0.01, P < 0.05, respectively).
Interestingly, neither the AM fungus nor the MDOR amendments had a
significant effect on C., and/or WSOC values; however, the interaction
amongst MDOR amendments, AM fungus and time resulted in a sig-
nificant decrease in Ny, content (MDOR X AMF x T, P < 0.001).

3.2. Effect of MDOR amendment application and AM fungus inoculation on
the abundance and composition of soil microbial communities

The application of MDOR amendments to soil samples significantly
increased all microbial groups, measured as the amount of PLFA,
(P<0.001), PLFA,, (P<0.001), PLFAp,. (P<0.001), PLFA,, (P<0.001),
PLFAGram+ (P<0.001), PLFAGam— (P=0.001), and NLFAaur (P<0.001),

Table 4

in relation to non-amended soil samples (Table 4). Likewise, a gen-
eralized enhancement in the markers for PLFA.,, PLFApa.., PLFA.,
PLFAGsam +, PLFAGam- and NLFA was recorded as the result of the in-
teraction between MDOR amendment application and time of soil
treatment (MDOR X T; P=0.001; P=0.001; P=0.001; P=0.001, respec-
tively)(Table 4). There was not any effect in terms of fungal prolifera-
tion after 60 days of experiment (MDOR x T; P = 0.5398) (Table 4).
The inoculation of the AM fungus, F. mosseae, stimulated all microbial
groups and increased the related PFLA for total biomass (P~0.001),
fungal (P~0.001), bacterial (P~0.001), actinobacteria (P~0.001), Gram
+ (P~0.001), and Gram— (P=0.001), whilst the amount of NLFAyr
(P=0.001) declined compared to non-inoculated soil samples. Surpris-
ingly, the interaction between AM fungus inoculation and time of soil
treatment resulted in a generalized and drastic decrease of PLFA values
for actinobacteria, Gram+ and Gram-, conversely, as it was found in
the case of NLFA (AMF x T; P~0.01; PLFA,., P~0.001; PLFAGam +,
P=0.001; PLFAG;am —, P=0.01; NLFA, P=0.001) (Table 4). The combined
treatment involving MDOR and AM fungus significantly declined the
proliferation of all microbial groups (MDOR X AMF; PLFA,,,, P~0.001;
PLFAgy, P<0.001; PLFAp,. P<0.001; PLFA,., P<0.001; PLFAgram-.
P=0.001; PLFAGram—, P=0.001), whilst AMF-related NLFA resulted in a
significant enhancement (MDOR X AMF; P~0.001) (Table 4). The in-
teraction amongst MDOR amendment application, AM fungus in-
oculation, and time of soil treatment resulted in significant differences.
For instance, total biomass, bacterial, actinobacterial Gram+ and
Gram— communities were enhanced by adding MDOR amendments
(MDOR X AMF x T; P<0.001, PLFA.g P<0.001, PLFA,.; P<0.001,
PLFAGram+; P~0.001, PLFAp,; P~0.001, PLFAGam.). Meanwhile, the
AMF-related NLFA were reduced at the end of the experiment
(MDOR X AMF X T; P<0.001, NLFAup) (Table 4).

Abundance and composition of phospholipids (PLFA) and neutral lipids fatty acids (NLFA) in metal-polluted soil samples in response to MDOR amendment
(MDOR_Pcand MDOR_Cp) application and F. mosseae (AMF) inoculation after 30 and 60 days of experiment (T). Values represent the mean * standard deviation of

five replicates (n = 5).

T Control MDOR_Pc MDOR_Cp
-AMF +AMF -AMF +AMF -AMF +AMF

PLFA,,; (mg kg™ ") 30 3.70 = 0.84 4.34 = 0.64 10.10 = 1.60 2.24 = 0.43 12.11 + 0.44 2.70 = 0.82

60 6.40 = 0.26 2.22 = 0.73 11.43 = 1.52 3.88 = 0.33 10.60 = 1.00 4.40 = 0.73
PLFA¢,, (mg kg™ ") 30 0.01 *= 0.006 0.02 = 0.004 0.26 = 0.09 0.01 = 0.005 0.26 = 0.08 0.01 = 0.01

60 0.03 = 0.009 0.04 = 0.006 0.23 = 0.05 0.02 = 0.006 0.27 = 0.05 0.03 = 0.02
PLFAp,. (mg kg™ 1) 30 1.70 = 0.60 3.00 = 0.10 7.11 = 0.60 1.50 = 0.30 8.24 + 0.06 1.63 = 0.60

60 4.60 = 0.24 1.51 = 0.12 7.70 = 0.94 2.43 = 0.22 7.01 = 0.61 2.82 = 0.51
PLFA, (mg kg™") 30 0.35 = 0.11 0.42 = 0.05 0.75 = 0.08 0.30 = 0.06 0.77 = 0.15 0.24 = 0.03

60 0.60 = 0.06 0.27 + 0.09 1.02 = 0.20 0.45 = 0.06 0.92 + 0.11 0.44 = 0.09
PLFAG;am+ (mg kg™%) 30 0.27 = 0.11 .81 * 0.09 1.50 = 0.32 0.25 = 0.05 2.72 = 0.10 0.35 = 0.20

60 1.88 = 0.10 0.42 = 0.04 2.40 = 0.10 0.67 = 0.07 1.80 = 0.14 0.80 = 0.16
PLFAGam.(mg kg™ ") 30 0.98 = 0.20 1.52 = 0.10 3.60 = 0.45 0.81 + 0.17 3.43 = 1.11 0.76 + 0.26

60 1.84 = 0.09 0.52 = 0.18 4.36 = 0.26 1.13 = 0.09 3.68 = 0.13 1.34 = 0.27
NLFAawr (mg kg™") 30 1.48 = 0.33 0.88 = 0.15 4.06 = 0.72 2.00 = 0.32 4.12 = 0.44 3.00 = 0.33

60 3.16 = 0.27 1.50 = 0.10 6.34 = 0.34 0.76 = 0.18 3.95 = 0.46 1.10 = 0.40
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Table 5
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Physiological stress markers in metal-polluted soil samples in response to MDOR amendment (MDOR_Ff, MDOR_Pc, MDOR _Ba, and MDOR_Cp) application and F.

mosseae (AMF) inoculation after 30 and 60 days of experiment (T). Values represent the mean + standard deviation of five replicates (n = 5).
T Control MDOR Pc MDOR_Cp
-AMF + AMF -AMF +AMF -AMF +AMF
F/B 30 0.008 + 0.002 0.006 + 0.001 0.04 = 0.01 0.007 = 0.001 0.03 *= 0.009 0.007 = 0.002
60 0.006 + 0.002 0.02 = 0.03 0.03 = 0.004 0.01 *= 0.0016 0.04 = 0.006 0.01 = 0.004
Gram + /Gram- 30 0.30 = 0.16 0.53 = 0.07 0.41 + 0.08 0.31 + 0.04 0.88 + 0.36 0.44 = 0.19
60 1.01 + 0.05 0.88 = 0.34 0.55 = 0.02 0.60 = 0.03 0.49 += 0.02 0.59 + 0.03
F/AMF 30 0.007 = 0.001 0.019 + 0.007 0.07 = 0.03 0.005 + 0.001 0.06 = 0.03 0.005 + 0.002
60 0.007 =+ 0.003 0.014 + 0.02 0.04 = 0.02 0.03 = 0.01 0.06 = 0.03 0.02 = 0.01
cy/pre 30 1.17 = 0.03 0.90 = 0.41 0.44 = 0.10 3.30 = 2.06 0.42 + 0.02 1.98 + 0.47
60 0.60 = 0.05 8.16 = 3.98 0.50 = 0.11 1.69 * 0.79 0.54 = 0.03 2.31 = 0.90
S/M 30 1.68 = 0.17 1.30 = 0.32 0.65 = 0.13 2.81 = 0.70 0.84 = 0.21 3.56 = 1.54
60 1.22 + 0.08 8.16 + 3.79 0.72 = 0.11 2.11 *+ 0.93 0.76 + 0.03 2.68 + 0.75

In order to evaluate the impact of the interaction of MDOR
amendment application and AM fungus inoculation during the experi-
ment on the physiological status of the microbial communities, dif-
ferent ratios such as F/B, Gram +/Gram—, F/AMF, cy/pre, and S/M
were calculated (Table 5). Thus, the Gram + /Gram —, and F/AMF ra-
tios experienced a significant increase when MDOR amendments were
applied to soil in comparison with non-amendment soil samples
(P=0.01; P=0.01, respectively). However, MDOR amendment applica-
tion to soil samples provoked a generalized decline in the Gram
+/Gram-, cy/pre, and S/M ratios in comparison to non-amended soil
samples after 60 days of experiment (MDOR X T, P~0.001; P~0.05;
P=0.05) (Table 5). The inoculation of F. mossease significantly increased
the F/AMF ratio (P~0.001), whilst a decrease in the F/B, cy/pre, and S/
M ratios was found in comparison to non-inoculated soil samples
(P=0.001; P=0.001; P=0.001, respectively). Interestingly, an opposite
trend was found in the F/AMF ratio as the result of the interaction
between AM fungus inoculation and time of soil treatment after 60 days
of experiment (AMF X T, P=0.05) (Table 5). The F/B ratio experienced
an increase as consequence of MDOR amendment application to AM
fungus inoculated soil samples, whilst an opposite trend was found in
the F/AMF ratio in relation to the F. mosseae-inoculated soil samples
(MDOR x AMF, P=0.01; P=0.01, respectively). A generalized decline in
Gram + /Gram —, cy/pre, and S/M ratios was found as consequence of
the MDOR amendment application and AM fungus treatment at the end
of the experiment (MDOR x AMF x T, P~0.05; P~0.01; P~0.01)
(Table 5).

3.3. Effect of MDOR amendment application and AM fungus inoculation on
the soil microbial activities

The application of MDOR amendments positively affected the ac-
tivity of the dehydrogenase, protease and arylsulphatase activities in
relation to non-amended soil samples (Fig. 1a, d, and e). A generalized
increase in arylsulphatase activities were recorded when MDOR
amendments were applied to soil samples after 60 days of experiment
(Fig. 1d). The inoculation of F. mosseae had a negative impact on the -
glucosidase, and arylsulphatase activities, whilst phosphatase activity
was positively affected. However, the phosphatase activity was sig-
nificantly declined after 60 days of experiment (Fig. 1c). Overall, the
combined treatment with MDOR amendments and AM fungus increased
the B-glucosidase and arylsulphatase activities compared to inoculated
soil samples (Fig. 1b, and d). Likewise, the activity of the B-glucosidase
experienced a decrease as the result of combining MDOR amendments
and AM fungus at the end of the experiment when MDOR_Cp was ap-
plied, whereas the opposite trend was found in the case of the ar-
ylsulphatase activity (Fig. 1b, and d).
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3.4. Effect of MDOR amendment application and AM fungus inoculation on
mycorrhizal colonization

The percentage of root colonization by AM fungi was generally
lower as the result of MDOR amendment application; however the ex-
traradical mycelium was slightly enhanced following the application of
MDOR_Cp (P=0.001) (Fig. 2a and b). Similarly, the inoculation of soil
samples with F. mosseae resulted in a similar percentage of root colo-
nization to that reached in non-inoculated soil samples, but increased
the external hyphae length (Fig. 1a and b). The combined treatment
involving MDOR amendments and AM fungus treatment resulted in
higher levels of percentage of root colonization, especially by adding
MDOR_Cp, whilst both MDOR amendments significantly boosted the
extraradical mycelium (Fig. 1a and b).

4. Discussion
4.1. Chemical variables

Our results demonstrated that the MDOR amendment application
had an important effect that considerably increased the C pools in the
metal-polluted soil during the experiment. The exogenous input of or-
ganic C compounds, through olive mill-waste compost applications,
contributed to the enhancement of the organic carbon content in metal-
polluted soils (Alburquerque et al., 2011; Pardo et al., 2011, 2014). In
our study, we recorded noticeable increases in the water-soluble C
fraction (WSOC) throughout the experiment. This fraction consists of a
heterogeneous mixture of components varying in molecular weight
(Alguacil et al., 2008). Application of MDOR amendments can supply
labile C compounds, which can be used as a source of energy by mi-
croorganisms, thereby leading to the improvement of the mineraliza-
tion of the organic matter in the metal-polluted soil amended with
MDOR, as suggested by Alburquerque et al. (2011). A previous study
conducted by Siles et al. (2014a) reported similar results by adding F.
flocossa-transformed MDOR and Fusarium oxysporum-transformed
MDOR to degraded soils. The fungal transformation of DOR might lead
to the formation of organic fractions, some of which may be assigned to
humic substances, which can vary according to the species of fungi used
to transform the DOR into an organic amendment (Sampedro et al.,
2007, 2009a). However, we did not observe differences in terms of
WSOC content when MDOR _Pc and MDOR _Cp were applied to soil,
therefore we could assume similar degree of OM stabilization in both
MDOR amendments as the result of fungal transformation. Never-
theless, a further study identifying the humic and fulvic fractions
formed during the DOR's mycoremediation would be needed in order to
verify this hypothesis.

In the same vein, increases in Ny, content have also been suggested
after olive-mill residue compost applications (Alburquerque et al.,
2011; Loépez-Pineiro et al.,, 2011). Thus, the presence of MDOR
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Fig. 1. Dehydrogenase (DH), 3-glucosidase (3-Glu), phosphatase (Phos), arylsulphatase (Aryl), and protease (Pro) activity in metal-polluted soil samples in response
to MDOR amendment (MDOR_Ff, MDOR_Pc, MDOR _Ba, and MDOR _Cp) application and F. mosseae (AMF) inoculation after 30 and 60 days of experiment (T). Values

+

represent the mean standard deviation of four replicates (n = 4).

amendments significantly increased the content in Ny, The benefit of
AMF in the plant rhizosphere relies on supplying immobile phosphorus
to plants in return for plant carbon sources (Fitter et al., 2011). AM
fungi are unlikely to play a direct role in OM decomposition, but
changes to the content in C,,, and WSOC observed in the presence of F.
mosseae during the experiment may be associated with rhizodeposition
processes and their consequent influence on microbial communities,
which in turn are influenced by factors such as AM colonization (Jones
et al., 2009; Bird et al., 2011). AM fungi can enhance the rate of de-
composition of native soil OM and can acquire N from organic sources
and also transfer to plants through its interactions with the bacterial
community (Leigh et al., 2011). In our study, the changes associated
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with N content throughout the experiment would indicate the ability of
F. mosseae not only to increase the mobilization of a substantial amount
of N for their own growth but also to enhance plant fitness, as suggested
Hodge and Fitter (2010). The combined treatment, involving MDOR
amendment application and AM fungus inoculation, resulted in the
additive effect as the result of the enhancement in the water soluble C
substances throughout the experiment.

4.2. Abundance and composition of microbial communities

PLFAs and NLFA have been broadly used to create a profile of fin-
gerprints of the community structure using biomarkers for specific
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(n = 4).

groups of microorganisms (Baath and Anderson, 2003; Olsson et al.,
2003) and so are useful indicators of soil attributes to evaluate the
recovery of the ecological soil functions, as Covino et al. recently sug-
gested (2016). In our study, the highest proliferation of microbial bio-
mass, in terms of fungal, bacterial, actinobacterial, and AMF popula-
tions was reached through MDOR _Pc and MDOR _Cp application. This
result is consistent with the increases in the C pools previously reported,
which might suggest the improvement of the quality of this metal-
polluted soil, as the result of the MDOR amendment application. This
finding is in line with the previous shifts found in the markers for PLFAs
by adding MDOR amendments with different fungi strains to soils
(Sampedro et al., 2009b; Siles et al., 2014a). In addition, this was also
consistent with the increases found in the F/B, Gram + /Gram —, and F/
AMF ratios, which also reinforce the fact that MDOR amendments
promoted better conditions for the proliferation of fungi and Gram
+ bacteria in this metal-polluted soil. Higher values in the ratios cy/pre
and S/M have been suggested to indicate reductions in bacterial growth
rates due to nutrient limitations, and therefore they can be considered
markers of physiological stress (Siles et al., 2014a). In our study, both
cy/pre and S/M ratios, showed lower values in comparison with non-
amendment soil samples, indicating an input of easily decomposable
nutrients supplied by adding MDOR amendments, which prompted the
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proliferation of microbial populations. Interestingly, the inoculation of
AM fungus had a strong impact on the composition of the soil microbial
populations. The results indicated that all groups of microorganisms
were dramatically affected by the presence of F. mosseae; except fungal
communities, which were shown to be less affected and also corrobo-
rate the higher values in the F/AMF ratio. In addition, the increases
found in the cy/pre and S/M ratios were also in line with this finding,
suggesting that the inoculation of F. mosseae probably resulted in
competition for nutrients. This result is unsurprising and is, moreover,
consistent with previous evidence of the suppressive effect of F. mosseae
on many groups of soil microorganisms, as Welc et al. reported (2010).
The reason for this suppressive effect might also be due to a production
of antagonistic metabolites by AM fungus exudates, as has been re-
ported for Glomus sp. (Toljander et al., 2007). We must also consider
that the type of plant used in this experiment might be responsible for
the detrimental effect of the AM fungus on the microbial composition,
as Welc et al. (2010) and Kohler et al. (2016) previously suggested. The
role of the MDOR and AM fungus interaction resulted in a significant
decline of all groups of microorganisms, whilst AMF related-NLFA was
positively affected during the first 30 days of the experiment. This fact
might be caused by a priming effect, through MDOR amendment ap-
plication, of saprophytic microorganisms solubilizing inorganic
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nutrients essential for the AM hyphal growth which consistently re-
duced the microbial population in favor of AM fungal communities.
However, other studies related this effect to a better soil aggregate
stability from adding organic amendments to metal-polluted soils
(Zornoza et al., 2015, 2016), leading to a more suitable physical
growing space for AM fungus than saprophytic fungi, as also indicated
by the low F/AMF ratio. The combined treatment, involving MDOR
amendment application and F. mosseae inoculation, provoked the pro-
liferation of bacterial and Gram— bacteria populations over fungal
communities at the end of the experiment, which was also supported by
the lower values found in the F/B and Gram+ /Gram— ratios. This
finding might suggest that Gram— bacteria were adapted to more
quickly to adverse and hostile conditions found in this metal-polluted
soil, probably as a result of the rapid process of organic C substance
decomposition by fungal communities with utilization shifting to bac-
terial Gram— communities, as previously reported by Kohler et al.
(2016). Interestingly, the proliferation of the actinobacteria populations
was consistent with the increases in the Gram + bacteria found as the
result of the MDOR_Pc and MDOR_Cp application in combination with
AM fungus inoculation, respectively, at the end of the experiment. This
result is in line with other studies, which have revealed that the ap-
plication of organic amendments to metal-polluted soils considerably
increased the population of Gram+ bacteria (Fernandez et al., 2012;
Kohler et al., 2016). Therefore, a more marked improvement in the
functioning and physiological status of this metal-polluted soil might be
suggested by adding MDOR_Pc and MDOR_Cp along to F. mosseae, an
idea also supported by the lower values in cy/pre and S/M ratios at the
end of the experiment. However, this interaction negatively affected the
AMF-related NLFA, which is contradictory with the fact that Gram
+ bacteria could have a positive effect on the proliferation of AM fungi
(Artursson et al., 2006); however, the increase found in the F/AMF ratio
might suggest that saprophytic fungi had an antagonistic effect on AM
fungi population. Nevertheless, regardless of this finding, changes in
the diversity of AM fungi populations might be expected in response to
amendment applications, as Montiel-Rozas et al. (2016) recently sug-
gested, in a historically metal-polluted soil amendment with olive mill
residue compost.

4.3. Activity of microbial communities

Soil microbial activity provides a suitable estimate of the overall
metabolic activity or metabolism of soils because microbes are sensitive
to soil disruptions, such as metals, or on the contrary, to the addition of
exogenous organic C compounds like organic amendments (Calvarro
et al., 2014; Garcia-Sanchez et al., 2015a). In our study, the MDOR
amendment applications provoked a generalized enhancement in the
dehydrogenase, arylsulphatase and protease activities. However, as the
set of extracellular enzymes produced during the fungal transformation
of DOR is diverse (Reina et al., 2013, 2017), changes in relation to
humic and fulvic fractions in MDOR might be expected, leading to
different responses in each enzyme assayed. Thus, higher available
organic N compounds in MDOR_Pc might be responsible for the higher
protease activity. This finding is also consistent with the previous en-
hancement found in the C and N pools, which contain carbon, and
energy sources by soil microbial activity. The content in S found in
MDOR amendments, as indicated by the chemical composition
(Table 1), would probably be responsible for the increases found in
arylsulphatase activity. Siles et al. (2014b) reported a similar response
in this set of enzymes during the reclamation of degraded soils followed
by the application of MDOR amendments with different fungal strains.
AM fungi may stimulate the microbial activity indirectly, by changing
root exudate patterns (Rodriguez-Caballero et al., 2017), or directly, via
rhizodeposition. In our case, the presence of F. mosseae in the rhizo-
sphere of wheat plants would lead to decreases in all microbial activ-
ities assayed, except phosphatase, throughout the experiment. The in-
crease in phosphatase activity was unsurprising, and even expected,
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owing to the role of AM fungi in the mobilization of soil phosphorous
(Smith and Read, 2008). However, the reduction in the microbial ac-
tivities assayed newly showed the suppressive effect of F. mosseae, as
the markers for PLFAs and NLFA previously suggested. Nevertheless,
the stabilized organic matter supplied by adding MDOR amendments
was shown to be a key factor in the enhancement off3-glucosidase and
arylsulphatase activities in the rhizosphere of wheat plants when AM
fungus was present. These increases might be attributed to a synergistic
effect, due to the input of high content in organic C substances supplied
by adding MDOR along with a better stability of soil aggregates pro-
moted by AM fungi. A similar response has been observed during the
reclamation of metal-polluted soils by adding organic amendments and
AM fungus inoculations (Alguacil et al., 2008; Kohler et al., 2016).

4.4. Root and soil colonization by AM fungi

The AM fungi diversity composition in metal-polluted sites has been
observed to significantly increase when organic amendments are added;
however, the susceptibility of roots to be colonized depends on the
plant species (Alguacil et al., 2011). In our study, the MDOR amend-
ment application did not result in significant increases in terms of
percentage of root colonization. However, the increased values found in
the extraradical mycelium by adding MDOR_Cp suggested that this
amendment boosted the colonization of AM fungi as the result of the
higher solubilization of nutrients which stimulated the hyphae growth
or led to a more suitable physical growing space for AM fungi, as
suggested by Zornoza et al. (2015, 2016). This result would be also
supported by the previous evidences reporting the proliferation of AM
fungi related-NLFA when MDOR amendments were added. The dom-
inance and abundance of F. mosseae has been reported in hostile metal-
polluted environments (Zarei et al., 2010; Alguacil et al., 2011). In our
study, the soil colonization by AM fungi was confirmed by the highest
values recorded in the extraradical mycelium as the result of the F.
mosseae inoculation to this metal-polluted soil. This fact is contradictory
with the previous decline reported in the AM fungi population, as the
AM fungi related-NLFA revealed, which indicated the suppressive effect
of F. mosseae, as Toljander et al. (2007) and Welc et al. (2010) sug-
gested. The NLFA 16:1w5, used in this study, has been reported to be
more sensitive than PLFA 16:1w5 as indicator of AM mycelia in soil
system. This marker is connected with the accumulation of neutral li-
pids in the vesicles and spores that are the main storage products in AM
fungi (Olsson et al., 2003). A possible explanation of this contradictory
result in our experiment would be a degradation of a large proportion of
storage lipids as the result of the fungal catabolism when is deprived of
their usual energy source in the root, or it could be due to the con-
sumption by other organism. However, a further research will be
needed in order to verify this hypothesis. The similar values found in
the percentage of root colonization in the presence or absence of AM
fungus might indicate that the root colonization susceptibility depends
on the type of plant species. Sampedro et al. (2008) reported a higher
percentage of alfalfa root colonization in contrast to those observed in
tomato roots. The ability of AM fungi to colonize this metal-polluted
soil was strongly favored by the additive effect of combining, MDOR_Cp
and F. mosseae. However, the contribution of AM fungi, in terms of
percentage of root colonization, would be only evidenced by the ben-
eficial application of MDOR_Cp, suggesting a synergistic effect between
the combined treatment and wheat plants.

5. Conclusion

In this study, we evaluated the sustainability of combining treat-
ment involving MDOR amendment application with F. mosseae in-
oculation in the restoration of ecological functions of a metal-polluted
soil. Our results demonstrated that MDOR_Pc and MDOR_Cp amend-
ment applications showed similarities in improving the quality and
function in this polluted soil, as indicated by the higher values reached
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in the organic soluble C fractions, markers for PLFAs, and NLFA and
microbial activity. Therefore, the different fungal ability, during the
mycoremediation, would not lead to differences in relation to the de-
gree of organic matter humification. Contrary to expectations, the in-
oculation of F. mosseae seemed to have a negative impact on the com-
position and activity of microbial populations. However, the combined
treatment of MDOR amendment application and AM fungus inoculation
resulted in the apparently fully functional soil microbiota in this metal-
polluted soil. As well, AM fungi root and soil colonization was effi-
ciently achieved through this treatment as the result of favorable nu-
tritional and spatial conditions. Therefore, the combined treatment,
MDOR amendments and F. mossease, might be suggested as restoration
practice due to its beneficial impact on soil microbial composition and
functionality which in turn represent soil attributes of ecological re-
levance for monitoring reclamation programs.
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