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Abstract

:

Under polycyclic aromatic hydrocarbon (PAH) pollution conditions (149.17–187.54 mg/kg), we had found the dominant flora of PAHs by observing the response of the soil microbial community after planting purple coneflower (Echinacea purpurea (L.) Moench). In this study, pot experiments were conducted in a growth chamber to explore the changes in the rhizosphere microbial community structure during remediation of heavily PAH-contaminated soil using purple coneflower (Echinacea purpurea (L.) Moench). The phospholipid fatty acid (PLFA) content in the soil was measured during four periods before and after planting, and the results showed that: (i) at 120 days, E. purpurea can regulate the microbial community structure but had no significant effect on soil microbial diversity, (ii) at 120 days, the number of PLFAs characterizing actinomycetes, bacteria, and fungi increased, and both Gram-negative bacteria and Arbuscular mycorrhizal fungi (AMF) were significant with the observed PLFA level (p < 0.05), and (iii) the results indicated that AMF and Gram-negative bacteria represent some of the main factors that can promote the degradation of PAHs. The results obtained in this work are important to future research on PAH-degradation-functional genes and degradation mechanisms of the selection of flora.
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1. Introduction


PAHs are widely distributed in the human living environment such as water, atmosphere and soil. Leakage during oil exploration and transportation is an important source of PAH soil pollution [1]. PAHs are compounds that have carcinogenic, teratogenic, and mutagenic properties and consist of two or more benzene rings connected in the form of fused rings [2,3]. Because of their low water solubility and hydrophobicity, PAHs become strongly distributed in nonaqueous phases and adsorbed on particulate matter, and soil represents one of the main environmental fates of these compounds [4]. Under certain conditions, PAHs in the soil will re-enter other environmental media in various forms and cause “secondary pollution”. The pollution concentration of PAHs in the soil environment of China has increased from µg/kg to mg/kg levels [5], which has seriously affected soil production, ecological functions, and human health. A national survey report on soil pollution showed that the proportion of PAHs in heavily polluted cultivated land, forestland, grassland, and unused land in China has reached 1.1%, 1.3%, 0.7%, and 1.0%, respectively, and these values are on the rise [6]. Therefore, the removal of PAHs from the soil has become an important topic in the field of environmental research.



Phytoremediation has developed in recent years as a safe and effective green remediation technology. Phytoremediation uses the synergistic action of plants and rhizosphere microorganisms to remediate contaminated soil. Compared with physical and chemical methods, its energy consumption and cost are much lower. Compared with ryegrass, white clover, and other plants, E. purpurea has a short life-cycle and high tolerance to high concentrations of PAHs [7,8]. Under high concentration stress, it exhibits the potential to remediate soil contaminated with high concentrations of PAHs. The removal rates of the four PAHs of pyrene (Pyr), chrysene (CHR), benzo(b)fluoranthene (BbF), and benzo(k)fluoranthene (BkF) were 66.2%, 70.3%, 40.6%, and 65.4%, and the total removal rates reached 56.93% [9]. The removal of organic pollutants by plants includes direct degradation and compound degradation. On the one hand, it relies on the direct degradation of enzymes produced by the root system. On the other hand, plants can synthesize various natural products and carry out the joint degradation of rhizosphere microorganisms when subjected to biological or abiotic stress. These two actions are based on the interaction of microorganisms and enzymes [10]. Therefore, the dynamic change in microorganisms can be regarded as an indicator of PAH degradation.



Microorganisms in the soil are the most sensitive and rapid indicators for reflecting disturbances and biochemical changes in the soil ecosystem [11,12], and the quantitative description of their community structure and diversity can be used as a potential tool for soil quality evaluation [13]. Analysis of PLFAs is a common method for the quantitative detection of soil microbial biomass [14]. The characteristic PLFAs of various bacterial groups are different, and these profiles are highly specific. Accordingly, PLFAs can be used as markers for different groups in the microbial community. Changes in the composition of phospholipids can reflect the changes in the microbial community structure in environmental samples [15]. Quantitative description of microorganisms provides relevant information for further research. In recent years, this approach has been widely used in the study of soil microbial community structure [16].



Our previous studies have shown that purple coneflower (Echinacea purpurea (L.) Moench). was able to remediate PAHs in contaminated soil [17]. The aims of this study were (i) to examine the changes in soil microbial community after planting E. purpurea, (ii) to look for the dominant bacterial flora to degrade polycyclic aromatic hydrocarbons under this condition, and (iii) through the discovery of the dominant bacterial group for PAH degradation, provide a direction for future research on functional genes.




2. Materials and Methods


2.1. Experimental Design


The aged PAH-contaminated soil used in this research was obtained at Shengli Oilfield, Dongying City, Shandong Province (sampling depth of 250 mm) with the approval of the Ministry of Safety and Environmental Protection of Shengli Oilfield. Soil analysis was performed by the Key Laboratory of Terrestrial Ecological Processes of the Institute of Applied Ecology, Chinese Academy of Sciences. The physicochemical properties of contaminated soil were: pH, 7.66; C, 45.77 g/kg; p, 0.65 g/kg; n, 0.73 g/kg; and available phosphorus, 0.002 g/kg, respectively. Uncontaminated soil samples were collected in Shenyang Wanliutang Park for dilution. The physicochemical properties of uncontaminated soil were: pH, 6.7; C, 12.82 g/kg; p, 0.44 g/kg; n, 0.8 g/kg; and available phosphorus, 0.011 g/kg. The concentration of PAHs in the contaminated soil ranged between 228 mg/kg and 398 mg/kg. The soil samples were sieved through a 4.00 mm sieve to ensure homogeneity. According to the previous results, none of the plants tested was able to grow in the aged PAH-contaminated soil. We added uncontaminated reference soil at a ratio of approximately 1:1, and diluted the contaminated soil to 149.17–187.54 mg/kg. The tested plant known as E. purpurea was screened from 14 plants after four-year-long experiments and had a short life cycle and grew logarithmically from 100 to 120 days. Therefore, we choose to sample at 60, 120, and 150 days to observe the overall changes in the microbial community.



The experiment was divided into two treatments—an experimental treatment (E. purpurea planted in PAH-contaminated soil, labeled as S) and a control treatment (no crop planted in PAH-contaminated soil, labeled as C). Each treatment has 24 pots (Φ = 20 cm, h = 18 cm, and soil = 2.5 kg), including 12 blank control pots. A disc of filter paper was placed at the bottom of each 20 cm pot to prevent the dry soil from escaping through the drainage holes, and the pots were placed on saucers. Each pot was initially filled with 2.3 kg of PAH-contaminated soil, then a layer of uncontaminated soil (0.3 kg) was placed on the surface of the contaminated soil. Purple coneflower seeds (20 seeds per pot) were sown on the surface of the uncontaminated soil, and finally the seeds were covered by 0.2 kg of PAH-contaminated soil. After the germination of the plants, 15 healthy seedlings were left in each pot. Corresponding control treatments were in PAH-contaminated soil without planting of plant seeds. They were placed in a growth chamber (41°48′ N, 123°26′ E). After 60, 120, or 150 days of cultivation, E. purpurea grown in the experimental soil (149.17–187.54 mg/kg) was harvested. The soil in the C group was watered in the same way, and all treatments were processed within 150 days. The cycle was 16 h/25 °C during the day and 8 h/15 °C at night. These plants were watered every other day to maintain a moisture content of approximately 60% by weight [18]. The experiments were performed from 28 April 2009 to 29 September 2009 and lasted for 150 days.




2.2. Extraction and Analysis of PLFAs


To extract lipids from the soil, the soil samples were lyophilized, and then, 5 g was extracted with a single-phase chloroform–methanol–water buffer system [19]. The total lipid extract was fractionated by silicic acid chromatography into neutral lipids, glycolipids, and polar lipids and polar lipid components containing phospholipids [20]. The phospholipid component was methylated with methanolic HCl and measured on a GC-MSD system equipped with an HP-5 column (30.0 m × 320 µm × 0.25 µm). Chromatographic conditions: HP-5 column (30.0 m × 320 µm × 0.25 µm), injection volume 1 μL, split ratio 100:1, carrier gas (N2) flow rate 0.8 mL/min. The initial temperature was maintained for 3 min at 140 °C and then programmed in four stages: 140–190 °C, 4 °C/min, for 1 min; 190–230 °C, 3 °C/min, for 1 min; 230–250 °C, 2 °C/min, hold for 2 min; and 250–300 °C, 10 °C/min, hold for 1 min. A flame ionization detector (FID) was used [21].




2.3. Data Analysis


The PLFA detection range was between ECL 9.000 (FAME 9:0) and ECL 20.000 (FAME 20:0). For data processing, we refer to the methods provided by other research institutes. PLFAs were organized by biomarker group. Peaks with multiple possible FAME identifications were grouped as summed features, and unknown peaks were grouped and named by their respective ECL [14]. The biomarker panel is described in Table 1.



All treatments were replicated three times in the experiments. Considering that the data obeyed normal distribution, statistical analysis was performed using the SPSS 20.0 with independent-sample t-test. Principal component analysis (PCA) was performed to analyze the correlation between soil samples and different microbial marker levels.



The Shannon–Wiener diversity index (H) was used to calculate the PLFA diversity of soil microorganisms in the analysis samples at different periods. The specific formula is as follows:


  H =   ∑   i = 1  n   P i  l n  P i    i = 1 , 2 … , n    



(1)




where    P i  =  n i  / n  ,    n i    represents the i-th fatty acid content, and  n  represents the fatty acid content.




2.4. PLFA Nomenclature


The PLFA convention was specified as X:YwZ according to the Omega Reference Standard, where “X” represents the total number of carbon atoms in the molecule, “Y” represents the number of double bonds, “Z” represents the position of the first double bond or cyclopropane ring, and w represents a position molecule from the methyl terminus [14]. The prefix “i” means iso branch, “a” means anteiso branch, “cy” means cyclopropane ring, the suffixes “c” and “t” indicate cis and trans configurations, respectively, and a number followed by “I” means middle. The position of the chain methyl group is branched with respect to the carboxyl terminus. The number before the OH refers to the end of the molecule at the position of the hydroxyl group relative to the carboxyl group.





3. Results


Generally, transformation of land-use has a great impact on the soil microbial community structure. The change of total microorganisms in soil is generally indicated by the content of total PLFA in rhizosphere soil. The total PLFAs shown in Table 2 confirm that the soil had a higher PLFA biomass after planting E. purpurea, and the total amount of microorganisms in the soil changed significantly. Compared with the soil in which E. purpurea was not planted, the total amount of PLFAs was obviously higher, with an average increase of approximately 70.90% (p < 0.01). After planting E. purpurea, the Shannon–Wiener diversity index was mainly stable at 2.62 during the period of 0–150 days. Planting E. purpurea did not significantly change microbial diversity of heavily PAH-contaminated soil (p > 0.05).



The characteristic PLFAs were as follows: (1) actinomycetes (ACT): 16:0 10-methyl and 18:0 10-methyl; (2) Gram-positive bacteria (G+): 14:0 iso, 15:0 iso, 16:0 iso, 17:0 iso, 17:0 anteiso, 15:0 anteiso; (3) Gram-negative bacteria (G−): 16:1 w7c, 18:1 w7c, 17:1 w8c; (4) bacteria (BAC): Gram-positive and Gram-negative biomarkers, 14:0, 15:0, 17:0, 18:0, 16:0, 18:1 w7c 10-methyl, 17:1 iso w9c, 19:0 cyclo w7c, 17:0 cyclo w7c; (5) fungi (FUN): 18:1w9c, 18:2w6c; and (6) arbuscular mycorrhizal fungi (AMF): 16:1w5c. For each biomarker group at all different periods, the content of the main PLFAs is described in Table 1.



PCA was performed on the samples using the identified PLFAs at different periods before and after planting. Two principal components were extracted in this experiment, namely, the first principal component PC1 (86.3%) and the second principal component PC2 (9.1%), which explained 95.4% of the variability.



As shown in Figure 1, biomarkers of different microorganisms had good correlation with S120 and S150 in all soil samples. This is consistent with the results that the biomarkers of different microbes were at a higher level at 120 and 150 days after planting E. purpurea.



We can see in Figure 2 the total amount of phospholipid fatty acids associated with AMF(A) and Gram-negative bacteria (B) in rhizosphere soil before and after planting under high PAH pollution. From 0 to 60 days, the total amount of phospholipid fatty acids diagnostic of AMF decreased from 0.15 nmol/g to 0.11 nmol/g. By 120 days, the amount rose significantly to 0.47 nmol/g. At 150 days, the amount was 0.46 nmol/g. The content of AMF in the soil in which E. purpurea was planted was significantly changed year-on-year and without planting, and it was most significant at 60–120 days (p < 0.05).



From 0 to 60 days, the concentration of associated Gram-negative bacteria in the soil decreased from 9.42 nmol/g to 7.21 nmol/g. By 120 days, the concentration rose to 8.44 nmol/g. After 150 days, the value was 8.21 nmol/g. This result shows that a high concentration of PAHs can slightly inhibit the growth of Gram-negative bacteria in soil.



From 0 to 60 days after planting E. purpurea, the concentration of phospholipid fatty acids associated with Gram-negative bacteria in the soil decreased from 5.82 nmol/g to 4.24 nmol/g. By 120 days, the concentration rose to 13.11 nmol/g. By 150 days, this concentration had dropped to 11.82 nmol/g. Compared with the unplanted control, between 60 and 120 days, the concentration of Gram-negative bacteria was greater in the soil where E. purpurea was grown, and the change trend was more significant (p < 0.05).




4. Discussion


The purpose of this work was to investigate and analyze the response of microbial community structure under heavy PAH pollution stress by planting E. purpurea.



The contents of total PLFA in C and S groups decreased in 0–60 days. This was due to the inhibitory effect of PAHs on microorganisms. For the inhibition effect, E. purpurea relieved the stress of PAHs and increased the total amount of PLFAs in the soil, and the effect was significant at 120 days (p < 0.05). The inhibitory effect of PAHs on microorganisms was mainly due to their strong adsorption capacity in the soil and low solubility, which limits the life activities of soil microorganisms. This is consistent with the view of Wolf et al. (2019) [27]. E. purpurea promotes microbial growth through plant roots. This is because the root system of plants is an important factor that affects the changes in the rhizosphere microbial community. Especially during the development of plants, changes in the rhizosphere will lead to the rapid growth of certain microbial populations and affect the choice of survival opportunities for other species [28]. Studies by Suresh et al. (2004) and Gao et al. (2011) confirmed that under contaminated soil conditions, the plant roots can create more favorable living conditions for microorganisms to perform degradation, due to maintaining aerobic conditions in the rhizosphere, thereby promoting the degradation of organic matter [29,30]. The highest total amount of PLFAs appeared at 120 days. We believe that this result is closely related to the degradation of PAHs by E. purpurea. Relevant research shows that E. purpurea has a good remediation effect on PAHs in contaminated soil. After 120 days, the degradation rate of PAHs was the highest, reaching 86.57% to 99.39%, which was 33.24% to 61.20% higher than that of unplanted soil [9].



It was found in the experiment that the counts of bacteria and fungi changed to different degrees before and after planting E. purpurea and showed significant differences at 120 days (p < 0.05). Analysis of changes in bacteria and fungi showed that E. purpurea can alleviate the inhibitory effect of PAHs and stimulate them through rhizosphere exudates. With the degradation of PAHs, the available effective carbon sources in the soil increase, which is conducive to the growth of bacteria. Relevant research shows that the degradation of rhizosphere microorganisms is the main factor in the removal of PAHs. Microbial populations use organic compounds as a carbon substrate to grow, and this process is usually stimulated by plant rhizosphere secretions [31]. The fact is supported by Pagé et al. (2015) [32], who reported that fast-growing willow trees had the ability to stimulate indigenous bacteria in soil (Actinomycetales, Burkholderiales, and Rhizobiales) to produce cytochrome P450 monooxygenases and laccase/polyphenol oxidases with the capability to degrade, for instance, fluoranthene, anthracene, and benzo[a]pyrene, in soil. Willow root exudates in the soil may cause the desorption of PAHs adsorbed on soil particles and enhance the use of PAHs by soil microorganisms [33,34]. When plants are under biotic or abiotic stress, they often secrete active metabolites and hormones from the root, which will cause positive plant–soil feedback [35,36,37]. E. purpurea has a short growth cycle and the most active life activities is around 120 days [38]. This is also one of the reasons why the level of PLFAs represented by bacteria and fungi changed significantly in 120 days.



Arbuscular mycorrhizal fungi (AMF) can form mutually beneficial symbioses with more than 90% of vascular plants on the planet. A large number of reports indicate that AMF can significantly improve the efficiency of plant rhizosphere remediation of PAH-contaminated soil and can affect plant uptake of PAHs [29,39]. Studies by Suresh et al. (2011) proposed that AMF can be used to remediate organically contaminated soil [40]. AMF can promote the degradation and transformation of toxic organic pollutants, reduce the amount of residual organic pollutants in the soil, and have a good effect on the remediation of toxic organic pollution. Therefore, it is important to study the relative biomass changes of PLFAs characteristic of AMF in the soil. It is not difficult to find that the relative biomass of PLFAs characteristic of AMF in the soil changes significantly before and after planting (Figure 2A). The activity of AMF in the rhizosphere of group S was higher than that of group C. The activity was strong and reached a peak at 120 days and a decrease at 150 days, which was consistent with the change in the total amount of fungal-associated phospholipid fatty acids and related to the degradation efficiency of E. purpurea against PAHs. In organically contaminated soil, plant mycorrhiza promote the absorption of mineral nutrients and water in the soil by plants. This is conducive to plant growth and phytoremediation [41]. Many studies have pointed out that the presence of mycorrhizae can often promote plant growth and PAH degradation. Joner et al. (2003) studied the effect of mycorrhizal fungi on the removal of PAHs in contaminated soil. After planting clover and ryegrass for a period of time, it was found that the presence of mycorrhizae promoted plant growth and PAH degradation, and the degradation rate of rhizosphere PAHs was higher than that of non-sterile rhizospheres [42]. Research by Liu (2014) showed that in an experiment on remediating PAH-contaminated soil with E. purpurea, the removal rate of the four PAHs showed an increasing trend with increasing time after planting, and the growth rate gradually decreased [43]. At 120 days, the removal rate increased the most. The removal rates of tetracyclic pyrene (Pyr) and chrysene (CHR) reached 46.11% and 71.91%, respectively, and those of pentacyclic benzo(b]fluoranthene (BbF) and benzo(k)luoranthene (BkF) were 30.00% and 46.72%, respectively. At this time, the soil microbial community was the most active, and the PLFA level reached its peak. At 150 days, the removal rate increased, that is, the microbial community activity decreased, the PLFA content decreased, and the removal rate appeared to reach the maximum. The removal rates of Pyr and CHR were 66.10% and 70.30%, respectively. The removal rates of BbF and BkF were 40.50% and 60.40%, respectively. The main reason for this is related to the growth period of the plant. At 120 days, the plant grew vigorously, and the rhizosphere secretions (including polyphenol oxidase, dehydrogenase, peroxidase, etc.) contributed to the degradation of PAHs [18,43]. These secretions are conducive to the life activities of AMF, that promotes the growth of plant roots [44] and the degradation of PAHs. In addition, we speculate that rhizosphere exudates of E. purpurea may contain factors that activate genes of AMF to efficiently degrade PAHs, but the specific mechanism needs further study.



After planting E. purpurea, the growth trend of Gram-positive bacteria was not significant compared with the non-planted case. It may be that Gram-positive bacteria have poor tolerance under this condition, and the activated carbon source required by Gram-positive bacteria cannot be adequately supplied.



In contrast, the content of Gram-negative bacteria in the soil increased significantly at 60 to 120 days after planting, indicating that E. purpurea has a significant promotion effect on this type of bacteria. We consider that the cultivation of E. purpurea can promote the growth of Gram-negative bacteria in the soil. As the plants develop, changes in the physiological state of the plants affect the growth of different microbiota, mediated by changes in the composition of root exudates in the rhizosphere [35]. For annual and perennial plant species, the vegetative stage is an important factor leading to changes in the composition of microbial rhizosphere communities under field and greenhouse conditions [36,37,44]. Gram-negative bacteria can not only use relatively unstable plant-derived carbon sources [45] but also exhibit strong rhizosphere secretions from 60–120 days, good degradation of PAHs in the soil, and provide Gram-negative bacteria more organic carbon sources. With more organic carbon sources, the content of Gram-negative bacteria changes significantly. Studies have shown that quorum sensing of acylated homoserine lactone (AHL) is widely conserved among Gram-negative bacteria and plays a vital role in regulating many biological processes. The acyl-homoserine lactone (AHL)-mediated density-sensing mechanism endows Gram-negative bacteria with quorum sensing (QS) to enhance their bioremediation potential and is a promising strategy for remediating PAH contamination [46]. Therefore, we theorize that in the process of PAH degradation, Gram-negative bacteria are one of the important links in this process. The microbe cooperates with the rhizosphere secretions of E. purpurea to promote the degradation of PAHs.



The change in the ratio of Gram-negative to Gram-positive phospholipid fatty acid supplements indicated that the regulatory effect of E. purpurea on the microbial community can alleviate the inhibitory effect of PAHs on Gram-positive and Gram-negative bacteria. This result is consistent with previous discussions.



It is well known that, except for annual and perennial plant species, different growth stages of plants are important factors that lead to changes in the composition of the microbial rhizosphere community (under field or greenhouse conditions) [47,48,49]. Our results show that the ratio of the population of other species except Gram-positive bacteria to that when no E. purpurea was planted was significantly different. This result also fits the characteristics of E. purpurea as a short-term plant. Therefore, E. purpurea is closely related to the degradation of PAHs and plays a regulatory role in the microbial community.




5. Conclusions


Through analysis of the experimental results, the following conclusions can be obtained: (i) E. purpurea can relieve the stress of PAHs (149.17–187.54 mg/kg) on soil microorganisms and regulate the microbial community structure but has no significant effect on soil microbial diversity, (ii) at 120 days, the number of PLFA-characterizing actinomycetes, bacteria, and fungi increases to varying degrees, of which Gram-negative bacteria and AMF contribute significantly (p < 0.05), (iii) high concentration of PAHs can slightly inhibit the growth of Gram-negative bacteria in soil, and (iv) E. purpurea may be the key to stimulating the mechanism or functional genes of AMF and Gram-negative bacteria in soil to degrade PAHs. In the future, we want to provide a scientific basis for strengthening microbial remediation through studying at the molecular level.
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Figure 1. PCA analysis chart. The horizontal axis is the first principal component (PC1), and the vertical axis is the second principal component (PC2). C indicates that E. purpurea was not planted, and S indicates that E. purpurea was planted. C0, C60, C120, C150, S0, S60, S120, and S150 represent soil samples at 0, 60, 120, and 150 days before and after planting, respectively. 
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Figure 2. Changes in the total amount of phospholipid fatty acids associated with AMF (A) and Gram-negative bacteria (B) in the rhizosphere soil under high levels of PAH pollution. C, nonplanted; S, planted. Bars (means ± SD, n = 3) with different letters indicate the difference between samples in the same period (p < 0.05). 
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Table 1. Biomarker concentrations in soil at 0, 60, 120, and 150 days before and after planting E. purpurea (nmol/g).
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Biomarkers in Soil in Different Periods before and after E. purpurea Planting (nmol/g)




	
Planting Period (d)

	
0

	
60

	
120

	
150




	

	
C

	
S

	
C

	
S

	
C

	
S

	
C

	
S






	
ACT

	
1.18 (a)

	
0.54 (a)

	
0.96 (a)

	
0.40 (a)

	
1.00 (a)

	
1.20 (b)

	
0.82 (a)

	
1.39 (a)




	
SD

	
0.15

	
0.07

	
0.18

	
0.10

	
0.07

	
0.43

	
0.16

	
0.3




	
G+

	
4.34 (ac)

	
2.27 (ac)

	
3.20 (ac)

	
1.76 (ac)

	
3.59 (ac)

	
6.40 (ac)

	
2.95 (ac)

	
8.27 (ac)




	
SD

	
0.90

	
0.37

	
0.73

	
0.01

	
0.09

	
0.10

	
0.22

	
5.21




	
G−

	
9.42 (ac)

	
5.82 (ac)

	
7.21 (ac)

	
4.86 (ac)

	
8.14 (ac)

	
13.11 (bd)

	
7.43 (ac)

	
13.53 (ac)




	
SD

	
2.37

	
0.84

	
1.72

	
0.03

	
0.62

	
0.23

	
0.45

	
3.17




	
BAC

	
16.38 (ac)

	
10.13 (ac)

	
12.70 (ac)

	
8.55 (ac)

	
14.12 (ac)

	
20.00 (bc)

	
12.43 (ac)

	
27.22 (ac)




	
SD

	
3.53

	
1.32

	
2.56

	
0.004

	
0.77

	
0.12

	
0.74

	
7.49




	
FUN

	
2.25 (ac)

	
1.20 (ac)

	
1.70 (ac)

	
0.93 (ad)

	
1.76 (ac)

	
2.47 (bd)

	
1.47 (ac)

	
2.36 (ac)




	
SD

	
0.60

	
0.20

	
0.38

	
0.009

	
0.07

	
0.07

	
0.14

	
0.51




	
AMF

	
0.28 (a)

	
0.15 (a)

	
0.17 (a)

	
0.11 (a)

	
0.33 (a)

	
0.47 (b)

	
0.31 (a)

	
0.46 (a)




	
SD

	
0.07

	
0.01

	
0.03

	
0.0003

	
0.004

	
0.01

	
0.03

	
0.12




	
B/F

	
7.35 (a)

	
8.47 (a)

	
7.51 (a)

	
9.29 (a)

	
8.06 (a)

	
8.55 (a)

	
8.43 (a)

	
9.65 (a)




	
SD

	
0.41

	
0.32

	
0.45

	
0.11

	
0.08

	
0.22

	
0.32

	
1.69




	
G−/G+

	
2.16 (a)

	
2.57 (a)

	
2.28 (a)

	
2.78 (a)

	
2.27 (a)

	
2.14 (b)

	
2.53 (a)

	
2.13 (b)




	
SD

	
0.23

	
0.14

	
0.38

	
0.05

	
0.11

	
0.07

	
0.03

	
0.07




	
TOT

	
29.72 (a)

	
18.22 (a)

	
22.72 (a)

	
13.38 (a)

	
26.69 (a)

	
46.14 (b)

	
24.31 (a)

	
41.07 (a)




	
SD

	
7.07

	
2.90

	
4.99

	
0.10

	
1.52

	
0.61

	
1.66

	
10.80








C, not planted; S, planted; ACT, actinomycetes; G+, Gram-positive bacteria; G−, Gram-negative bacteria; BAC, bacteria; FUN, fungi; AMF, arbuscular mycorrhizal fungi; G+/G−, ratio of Gram-negative to Gram-positive biomarkers; B/F, ratio of bacterial to fungal biomarkers; TOT, total average PLFA biomass; SD, standard deviation. Different letters represent the difference between samples in the same period (p < 0.05). The first letter is the identification of the difference between the two groups of samples in the same period. The second letter is the identification of the difference between the same group of samples in different periods.
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Table 2. Defined biomarker groups.
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	Biomarker Group
	PLFAs
	References





	Actinomycetes
	16:0 10-methyl, 18:0 10-methyl
	Kaiser et al., 2010 [22]



	Gram-positive bacteria
	14:0 iso, 15:0 iso, 16:0 iso, 17:0 iso, 17:0 anteiso, 15:0 anteiso
	Kaiser et al., 2010; Ruess and Chamberlain, 2010 [23]; Buyer and Sasser, 2012 [24];



	Gram-negative bacteria
	16:1 w7c, 18:1 w7c, 17:1 w8c
	Kaur et al., 2005 [25]



	Bacteria
	Gram-positive and Gram-negative biomarkers, 14:0, 15:0, 17:0, 18:0, 16:0, 18:1 w7c 10-methyl, 17:1 iso w9c, 19:0 cyclo w7c, 17:0 cyclo w7c
	Kaur et al., 2005; Feng et al., 2003 [26]; Kaiser et al., 2010



	Fungi
	18:1 w9c, 18:2 w6c
	Ruess and Chamberlain, 2010; Buyer and Sasser, 2012;



	Arbuscular mycorrhizal fungi
	16:1 w5c
	Buyer et al., 2010
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