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Anaerobic soil disinfestation (ASD) has been demonstrated as an effective alternative to pre-plant chemical soil fumigation (CSF) commonly used to control soilborne pathogens. However, the ASD effects on spatial and temporal changes in soil microbial communities remain poorly understood in production systems with low soilborne disease pressure. The objective of this study was to assess the influence of ASD treatments on soil microbial community composition at different soil depths during the spring tomato production season in Florida. Soil treatments included ASD using 6.9 m3 ha−1 of molasses with 11 Mg ha−1 of composted poultry litter (CPL) (ASD0.5), ASD with 13.9 m3 ha−1 of molasses and 22 Mg ha−1 CPL (ASD1.0), and chemical soil fumigation (CSF) using a mixture of 1,3-dichloropropene and chloropicrin. Soil microbial community composition was measured at soil depths of 0–15 and 15–30 cm using phospholipid fatty acid (PLFA) analysis at 0, 36, 76, and 99 days after transplanting (DAT). Fatty acid methyl esters were categorized into biomarker groups including total microbial biomass (TMB), G+ bacteria (G+), G− bacteria (G−), actinomycetes (Actino), arbuscular mycorrhizal fungi (AMF), protozoa, and general fungi (F). Soil concentrations of G+, Actino, F, AMF, and the ratio of F:bacteria (B) were significantly impacted by a soil treatment × soil depth × sampling time three-way interaction. All the microbial biomarkers were significantly affected by soil treatment × sampling depth two-way interactions except for protozoa and F:B ratio. Concentrations of TMB, Actino, AMF, F, G+, and G− bacteria were significantly increased in ASD treated soils at both 0–15 and 15–30 cm soil depths across different sampling times compared with CSF. In addition, the concentrations of G+ and G− bacteria, AMF, F, and TMB were higher at 0–15 vs. 15–30 cm soil depth under ASD treatments, whereas no soil depth differences were observed in CSF. Discriminant analysis further confirmed that soil microbial community composition was distinctly different in CSF compared with ASD treatments. The soil microbial profile was well-differentiated between the two soil depths under ASD treatments but not in CSF, while the enhancement of PLFA biomarkers by ASD decreased with increasing soil depth.
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INTRODUCTION

Tomato (Solanum lycopersicum) is an important high-value vegetable crop worldwide. In the United States, Florida ranks first in the production of fresh market tomato with a reported production area of 9,308 ha and production value of over $323 million [United States Department of Agriculture, National Agricultural Statistics Service (USDA-NASS), 2022]. Following the phase-out of methyl bromide for soil fumigation, alternative chemical soil fumigants have been identified for use in tomato production prior to field transplanting to aid in suppression of weeds and soilborne pathogens. However, fumigants such as 1,3-dichloropropene (Group II, halogenated hydrocarbon) are subject to stringent environmental regulations and often lack adequate efficacy (Poret-Peterson et al., 2019). Commonly used pre-and post-plant non-triazine herbicides including glyphosate, acetolactate synthase (ALS) inhibitors, and acetyl coenzyme A carboxylase (ACC) inhibitors have resulted in rapid growth of selective herbicide resistance (LeBaron and Hill, 2008). In addition, increasing public health awareness and consumer demand for sustainable food products provide a unique incentive for the development of environmentally sustainable agricultural practices. Thus, to promote the long-term sustainability of vegetable production systems, there is a need to explore non-chemical alternatives for managing soilborne pests (Rosskopf et al., 2005, 2020; Shi et al., 2019) while carefully considering economic viability, environmental impact, and social acceptability.

Anaerobic soil disinfestation (ASD) has been reported as an effective, environmentally benign alternative to pre-plant chemical soil fumigation for managing soilborne pathogens in various high-value crops across a range of production systems (Momma et al., 2013; Mazzola et al., 2018). The ASD method involves incorporation of a labile carbon (C) source, followed by irrigation to saturate soil pores and covering the soil with gas impermeable film for ~3 weeks (Butler et al., 2014; Paudel et al., 2020). Some commonly used C sources include rice or wheat bran (Strauss and Kluepfel, 2015), liquid or dried molasses (Butler et al., 2012b; Shrestha et al., 2018), and ethanol (Momma et al., 2010). In greenhouse studies, Butler et al. (2012b) also investigated the use of some warm-season cover crops as a C source for ASD on the suppression of Fusarium oxysporum, yellow nutsedge (Cyperus esculentus) tubers, and root-knot nematode (Meloidogyne incognita) eggs and juveniles. In Florida, ASD has been successfully demonstrated to manage weeds, plant parasitic nematodes, and some soilborne pathogens in eggplant (Solanum melongena), pepper (Capsicum annuum), tomato, and strawberry (Fragaria × ananassa) production while improving crop yield (Butler et al., 2012a,b; Di Gioia et al., 2016, 2020; Guo et al., 2017; Paudel et al., 2020). The mechanisms of ASD are likely related to shifts in soil community composition from aerobic organisms to facultative and obligate anaerobic organisms, production of volatile organic compounds, release of organic acids, and generation of metal ions (Momma, 2008; Strauss and Kluepfel, 2015; Hewavitharana et al., 2019; Rosskopf et al., 2020). However, information regarding the response of soil microbial communities to ASD during the cropping season remains limited.

van Agtmaal et al. (2015) assessed the impact of stress-induced changes in soil microbial community composition on microbially produced volatile organic compounds (VOCs) for suppression of Pythium intermedium in the production of hyacinth flower bulbs using pyrosequencing of 16S ribosomal gene fragments. At 3 months after ASD treatment, an increase in the relative abundance of the phylum Bacteroidetes and a significant decrease of the phyla Acidobacteria, Planctomycetes, Nitrospirae, Chloroflexi, and Chlorobi were observed. In two separate field studies, Poret-Peterson et al. (2019) also investigated shifts in bacterial communities after ASD soil treatments with different C sources. In their study, ASD treatments using molasses, mustard seed meal, tomato pomace, and rice bran led to increases in the abundances of Bacteroidales, Clostridiales, Selenomonadales, and Enterobacteriales compared with untreated controls. It was also found that the phylogenetic and taxonomic composition of communities in ASD treated soils with different C sources did not show pronounced differences. However, the authors did not investigate in-season microbial community composition dynamics, as no crops were grown during their study. In a previous study using phospholipid fatty acid (PLFA) analysis, Guo et al. (2018) examined the influence of two ASD soil treatments [6.9 m3 ha−1 molasses (M) + 11 Mg ha−1 composted poultry litter (CPL) and 13.9 m3 ha−1 M + 22 Mg ha−1 CPL] in contrast with chemical soil fumigation (CSF; a mixture of 1,3-dichloropropene and chloropicrin) on dynamic changes of soil microbial communities at 0–15 cm soil depth in a tomato production system to identify possible legacy effects of ASD on soil microbial community composition during the tomato growing season. It was observed that soil microbial groups were depleted in CSF treatment compared with ASD treatments in bulk and rhizosphere soils, while the composition of soil microbial communities was similar between ASD treated soils. Additionally, greater concentrations of total microbial biomass (TMB), actinomycetes, and G− bacteria were detected in ASD treated soils as opposed to CSF at 0, 36, 76, and 99 days after tomato transplanting. However, it is unclear whether and how the impact may be altered at soil depths beyond 0–15 cm. Therefore, the objective of this follow-up study was to compare the spatial and temporal changes of soil microbial communities between 0–15 and 15–30 cm soil depths in response to ASD soil treatments during the field-tomato production season in an effort to clarify possible legacy effects on soil microbial community composition.



MATERIALS AND METHODS


Field Experiment

The field experiment was conducted at the University of Florida Plant Science Research and Education Unit in Citra, FL from August to December 2015, with the soil type as Gainesville loamy sand (Hyperthermic, coated Typic Quartzipsamments). The field had prominent levels of weed infestation (primarily nutsedge) and root-knot nematodes (Guo et al., 2018). A thorough rototilling at 15 cm below the soil line was conducted in the experimental plots at the time of field preparation. The field trial was arranged in a split plot design with four replications. The pre-plant soil treatments were included in the whole plots following a randomized complete block design with four blocks, with herbicide treatments in the subplots. The soil treatments consisted of ASD with 6.9 m3 ha−1 of molasses (Agricultural Carbon Source, TerraFeed, LLC, Plant City, FL, USA) and 11 Mg ha−1 of composted poultry litter (CPL) (ASD0.5), ASD with 13.9 m3 ha−1 of molasses and 22 Mg ha−1 (ASD1.0), and chemical soil fumigation [CSF; Pic-Clor 60 (Soil Chemical Corporation, Hollister, CA, USA) applied at 224 kg ha−1, containing 1,3-dichloropropene (39.0%) and chloropicrin (59.6%)]. The herbicide treatments included application of halosulfuron-containing Sandea® (Gowan Company, Yuma, AZ, USA) with the rate of 70 g ha−1 and the no-herbicide control.

Three raised beds (24.4 m long, 0.9 m wide, 0.30 m high, and 1.8 m between centers) were made in each of the four blocks (replications) on 26 September 2018 and randomly assigned to ASD0.5, ASD1.0, or CSF. Each bed received an application of the pre-plant compound fertilizer (10N-10P2O5-10K2O) at a rate of 560 kg ha−1. A 1:1 (v:v) water dilution of molasses and CPL was used to set up ASD0.5 and ASD1.0 treatments. The mixture was applied to the top of the bed and tilled at the soil depth of 15 cm using a rotary cultivator, evenly amending the soil. The 24.4 m-long bed was divided in two 12.2 m-long sections (each serving as a subplot) for each whole plot. A random assignment of the herbicide Sandea® treatment and the no-herbicide control were applied in each half of the bed plots. Following application of the herbicide, the CSF treatment was applied via shank injection. A 0.025 mm white (on black) VaporSafe® TIF (Raven Industries Inc., Sioux Falls, SD, USA) polyethylene mulch with an ethylene vinyl alcohol (EVOH) barrier layer was used to cover all the beds. Each bed was irrigated through two drip lines positioned about 2.5 cm beneath the soil surface under the mulch. The beds undergoing ASD were the only treatments irrigated one time applying 68.9 kPa water pressure for a 4-h period. The soil pore space in the upper 10 cm of the bed (5-cm irrigation) was saturated to promote anaerobic conditions (Butler et al., 2012a). Tomato transplanting took place 3 weeks after the soil treatments were initiated.

On 3 September, 2015, tomato cultivar ‘Tribute’ (Sakata Seed America, Morgan Hill, USA) was transplanted at the four-true-leaf stage. Twenty-six plants with in-row spacing of 0.45 m were planted per subplot. A timer-controlled drip irrigation system was used to water plants twice daily. Initially, irrigation time was set to 30 min and later adjusted as plants matured. A weekly injection through the drip tape of fertilizer 6N-0P2O5-8K2O plus micro blend (2% Ca, 0.4% Mg, 0.02% Zn, and 0.02% B; Mayo Fertilizer Inc., Mayo, FL, USA) began 7 days after transplanting (DAT), with in-season application rates of N and K2O by fertigation at 161 and 215 kg ha−1, respectively.



Soil Sampling and Analyses

Bulk soil samples were collected four times from the soil depth of 0–15 and 15–30 cm for soil microbial analysis during the tomato season: 3 September, 2015 (0 DAT), 9 October, 2015 (36 DAT), 18 November, 2015 (76 DAT), and 11 December, 2015 (99 DAT). Six bulk soil samples were collected from each subplot using a handheld soil probe (1.75 cm internal diameter) at each sampling time. The six soil samples were then combined and homogenized and kept at −20°C until microbial community analysis.



Microbial Community Profiling

Soil microbial communities for each treatment were characterized using PLFA analysis outlined by Guo et al. (2018). All collected soil samples passed through a 2-mm sieve to remove root and fresh litter materials, and then were freeze-dried before further analysis. Fatty acid methyl esters (FAMEs) were extracted from the freeze-dried soil samples using high throughput procedures described by Buyer and Sasser (2012). After thawing to room temperature, samples were used to extract PLFAs. A Bligh-Dyer extractant (chloroform/methanol/phosphate buffer, 1:2:0.8, v/v/v, 50 mM, pH 7.4; 4.0 mL) with an internal standard 19:0 (1,2-Dimyristoyl-sn-glycero-3-phosphocholine) was used for PLFA extraction. Lipid classes were isolated by solid phase extraction (SPE) with a 96-well SPE plate containing 50 mg of silica per well (Phenomenex, Torrance, CA, USA). The FAMEs were analyzed using an Agilent 7890N gas chromatography system (Agilent Technologies, Wilmington, DE, USA), which was equipped with an autosampler and flame ionization detector, and was controlled with MIDI Sherlock® software and Agilent ChemStation (Microbial ID, Inc., Newark, DE, USA). The FAMEs were classified and placed into six biomarker groups: Gram positive (G+) bacteria, iso and anteiso saturated branched fatty acids; Gram negative (G−) bacteria, monounsaturated fatty acids, and cyclopropyl 17:0 and 19:0; actinomycetes, 10-methyl fatty acids; arbuscular mycorrhizal fungi (AMF), 16:1ω5c; general fungi, 18:2ω6c; protozoa, 20:3ω6c and 20:4ω6c. Total microbial biomass (TMB) was determined as a sum of all quantified PLFAs in each sample. The concentrations of different biomarker groups and total microbial biomass in the soil were expressed in the unit of nmol PLFAs g−1 soil. In addition, the ratios of fungi:bacteria (F:B) and G+ bacteria:G− bacteria (G+:G−) were calculated.



Statistical Analyses

Prior to statistical analysis, data were checked for normality and log transformed when necessary to meet assumptions of linear mixed models. All data and results demonstrated in tables and figures present non-transformed values. Data were analyzed using a linear mixed model in the GLIMMIX procedure in SAS (Version 9.3; SAS Institute, Cary, NC, USA). Soil treatment, herbicide treatment, sampling time, and soil depth were analyzed as fixed effects. Block and soil treatment, soil treatment × herbicide treatment, soil treatment × herbicide treatment × sampling time within the block were considered as random effects. Soil treatment × herbicide treatment × soil depth within the block was analyzed as random residual effects by fitting a first-order autoregressive [AR(1)] model to account for the repeat measures of sampling time, using the “slice” statement to compare the composition of soil microbial communities over time for each soil depth. Multiple comparisons for each microbial biomarker were conducted using Tukey's Honest Significant Difference (HSD) test at α = 0.05. The influence of soil treatment and soil depth combinations on soil microbial community structure was further examined using discriminant analysis (DA; JMP V.15.0.0; SAS Institute). Specific microbial biomarkers with the greatest impact on treatment segregation were identified with DA. Canonical discriminant analysis was performed on the ensuing discriminant model. The quantity of elements used to differentiate treatment groups was found through the number of significant (P ≤ 0.05) canonical discriminant functions (linear combinations of important microbial biomarkers identified in discriminant analysis).




RESULTS


Impacts of Soil Treatment, Soil Depth, and Sampling Time on G+ and G− Bacteria, Ratio of G+:G− Bacteria, Protozoa, and Actinomycetes

Herbicide application had no significant main effect on any of the soil microbial biomarkers measured, while soil treatment significantly impacted all PLFA biomarker groups (Table 1). Soil depth showed significant main effects on all the microbial parameters except for G+:G− bacteria ratio and actinomycetes, while sampling time showed significant effects on all microbial biomarkers except for protozoa. Each of the PLFA biomarkers were significantly affected by the soil treatment × soil depth interaction except for F:B ratio and protozoa. The soil treatment × sampling time interaction had significant effects on all the biomarkers except for TMB and G− bacteria. Only protozoa were significantly affected by the soil treatment × soil herbicide interaction (Table 1). Furthermore, concentrations of G+ bacteria, actinomycetes, general fungi, AMF, and F:B ratio during the tomato production season were significantly influenced by a three-way interaction of soil treatment, soil depth, and sampling date (Tables 1, 2).


Table 1. Analysis of variance of the effects of soil treatment, soil depth, sampling time, and herbicide application, and their two-way and three-way interactions on microbial group concentrations.

[image: Table 1]


Table 2. Microbial biomarker concentrations (nmol g−1) and ratio of fungi:bacteria in the bulk soil as affected by the three-way interaction of soil treatment, sampling date, and soil depth.

[image: Table 2]

Within 0–15 cm soil depth, both ASD treatments had significantly higher levels of G+ bacteria compared with CSF at all DATs, whereas no significant differences were observed between ASD 0.5 and ASD 1.0 at each DAT (Table 2). Similarly, there were no significant differences between the two ASD treatments at each DAT within 15–30 cm soil depth, but the ASD treatments led to significantly higher levels of G+ bacteria at all DATs except for 99 DAT when compared with CSF. When comparing G+ bacteria concentrations between the two soil depths within each soil treatment, both ASD treatments showed significantly higher levels at 0–15 cm compared with 15–30 cm soil depth at all DATs, but no differences were found between depths in CSF (Table 2).

The main effects of soil treatment, soil depth, and sampling time were significant for the concentrations of G− bacteria, while only the soil treatment × soil depth interaction significantly affected G− bacteria (Table 1). Both ASD treatments showed significantly higher concentrations of G− bacteria at 0–15 cm soil depth compared with 15–30 cm soil depth, while no significant differences between soil depths were observed for CSF (Figure 1A). At both soil depths, both ASD treated soils showed higher concentrations of G− bacteria compared with CSF.


[image: Figure 1]
FIGURE 1. Bulk soil PLFA concentrations of G− bacteria (A), ratio of G+:G− (B), and PLFA concentrations of TMB (C) as affected by the two-way interaction of soil treatment and soil depth across sampling dates. Error bars represent standard error. Within a soil treatment, bars sharing the same uppercase letter are not significantly different at P ≤ 0.05 according to Tukey's HSD test. Within a sampling depth, bars sharing the same lowercase letter are not significantly different at P ≤ 0.05 according to Tukey's HSD test. CSF, chemical soil fumigation control with Pic-Clor 60 at a rate of 224 kg ha−1; ASD0.5, anaerobic soil disinfestation with 6.9 m3 ha−1 of molasses and 11 Mg ha−1 of composted poultry litter; ASD1.0, anaerobic soil disinfestation with 13.9 m3 ha−1 of molasses and 22 Mg ha−1 of composted poultry litter. G−, Gram negative bacteria; G+:G−, ratio of Gram positive bacteria to Gram negative bacteria; TMB, total microbial biomass.


Regarding G+:G− bacteria ratio, at 0 DAT, it was significantly higher in CSF compared with ASD0.5, but it was similar between CSF and ASD1.0 (Figure 2A). However, the ratio of G+:G− bacteria were significantly greater in CSF treatment compared to both ASD treatments at the other DATs. There were no significant differences between ASD0.5 and ASD1.0 at 0, 36, and 76 DAT, whereas ASD0.5 showed significantly higher concentration of G+:G− bacteria compared with ASD1.0 at 99 DAT. Within each soil treatment, it showed significantly higher ratio of G+:G− bacteria at 0 DAT compared to the other DATs (Figure 2A). The ratio of G+:G− bacteria did not significantly differ between soil depths under ASD0.5, ASD1.0, and CSF, respectively (Figure 1B). Within both soil depths, CSF exhibited a higher ratio of G+:G− bacteria compared with ASD0.5 and ASD1.0, while the difference between CSF and ASD1.0 appeared to be greater at the soil depth of 15–30 vs. 0–15 cm.


[image: Figure 2]
FIGURE 2. Ratio of G+:G− (A) and PLFA concentrations of protozoa (B) in the bulk soil. As affected by two-way interaction of soil treatment and sampling date across soil depths. Error bars represent standard error. Within a soil treatment, bars sharing the same uppercase letter are not significantly different at P ≤ 0.05 according to Tukey's HSD. Within a sampling date, bars sharing the same lowercase letter are not significantly different at P ≤ 0.05 according to Tukey's HSD test. CSF, chemical soil fumigation control with Pic-Clor 60 at a rate of 224 kg ha−1; ASD0.5, anaerobic soil disinfestation with 6.9 m3 ha−1 of molasses and 11 Mg ha−1 of composted poultry litter; ASD1.0, anaerobic soil disinfestation with 13.9 m3 ha−1 of molasses and 22 Mg ha−1 of composted poultry litter. G+:G−, ratio of Gram positive bacteria to Gram negative bacteria; DAT, days after transplanting.


In terms of protozoa, soil treatment and soil depth showed significant effects, while the interaction effect of soil treatment × sampling time was significant as well (Table 1). At 0, 36, and 99 DAT, the concentrations of protozoa in ASD0.5 and ASD1.0 were significantly higher compared with CSF (Figure 2B). The concentration of protozoa steadily decreased from 0 to 99 DAT under ASD0.5, resulting in a significant difference between 0 and 99 DAT. However, there were no significant differences among different DATs for ASD1.0 and CSF treatments (Figure 2B). Across soil treatments and sampling dates, the comparison between the two soil depths revealed a significantly higher concentration of protozoa within the 0–15 cm soil depth than in the deeper soil at 15–30 cm (data not shown).

With respect to the concentration of actinomycetes, within both 0–15 and 15–30 cm soil depths, ASD0.5 had significantly higher levels of actinomycetes than CSF at each DAT, while ASD1.0 showed significantly higher levels at 36, 76, and 99 DAT (Table 2). Only at 0 DAT, ASD0.5 showed a significantly higher level of actinomycetes compared with ASD1.0 at both soil depths. When comparing the levels of actinomycetes between the two soil depths, higher levels were found at 0–15 vs. 15–30 cm in ASD0.5 at 36 DAT and ASD1.0 at 99 DAT, but no significant differences were observed in CSF at each DAT (Table 2).



Impacts of Soil Treatment, Soil Depth, and Sampling Time on AMF, General Fungi, F:B Ratio, and TMB

The concentration of AMF was positively affected by both ASD soil treatments. Although no significant differences were observed at 0 DAT, the concentrations of AMF in the ASD1.0 and ASD0.5 treated soils were significantly higher compared with CSF at both soil depths at 36, 76, and 99 DAT (Table 2). Furthermore, at each sampling date the concentration of AMF under CSF did not differ significantly between soil depths, whereas higher concentrations of AMF were observed at the 0–15 cm soil depth compared with 15–30 cm soil depth under both ASD treatments at 36, 76, and 99 DAT. At 0 DAT, higher concentrations of AMF were observed at the 15–30 cm soil depth compared with 0–15 cm soil depth for ASD1.0.

The concentrations of general fungi significantly increased at 0 DAT in both ASD soil treatments compared with CSF at the 0–15 cm soil depth, while no differences were observed at later sampling dates. At the 15–30 cm soil depth, the concentrations of general fungi did not differ significantly among soil treatments at each DAT (Table 2). With respect to the comparison between soil depths, significantly higher levels of fungi were observed at 0–15 cm than at 15–30 cm under both ASD treatments at each DAT, while such a difference was only observed at 36 and 99 DAT for CSF (Table 2).

Under CSF, the F:B ratio significantly increased from 0 to 36 DAT and then remained relatively stable until 99 DAT at both 0–15 and 15–30 cm soil depths (Table 2). No significant changes were observed in the F:B ratio under the two ASD treatments despite soil depth and DAT except that a significant increase from 0 to 36 DAT was found at the 15–30 cm soil depth in ASD1.0 (Table 2). The ratio of F:B was significantly greater at 0–15 vs. 15–30 cm soil depth at 0, and 76 DAT for ASD0.5, while a similar trend was observed in ASD1.0 at 0 and 99 DAT, and in CSF at 36 and 99 DAT (Table 2).

The soil treatment × soil depth interaction had a significant impact on TMB (Table 1; Figure 1C). Across all sampling dates, both ASD treatments demonstrated significantly higher levels of TMB at the 0–15 cm soil depth in contrast to the deeper soil at 15–30 cm, whereas no difference between the soil depths was observed in CSF. The two ASD treatments resulted in significantly greater concentrations of TMB than CSF at both soil depths, but to a lesser extent in the deeper soil at 15–30 cm (Figure 1C). The main effect of sampling time also significantly impacted TMB as reflected by a significantly higher concentration of TMB at 0 DAT than that at 36, 76, and 99 DAT, and no significant differences were observed at these 3 later sampling dates (data not shown).



Discriminant Analysis of Microbial Community Compositions as Affected by Soil Treatment at 0–15 and 15–30 cm Soil Depths

Different microbial biomarkers (Table 1) were included in the discriminant analysis to characterize changes in overall soil microbial community structure in response to the interaction of soil treatment and soil depth. Canonical discriminant analysis indicated two significant discriminant functions accounting for 94.0% of the total variance. The first canonical axis explained 64.5% of the variability, while 29.5% of the variability was explained by the second canonical axis (Figure 3). Microbial biomarkers positively correlated to the first canonical component included G+ bacteria, G− bacteria, and actinomycetes (in order of strongest to weakest correlation). In contrast, a negative correlation was observed between the first canonical component and TMB, ratio of G+:G− bacteria, AMF, fungi, protozoa, and F:B (in order of strongest to weakest correlation). The second canonical component was positively correlated with G− bacteria, ratio of G+:G− bacteria, fungi, TMB, and protozoa (in order of strongest to weakest correlation), while it was negatively correlated with G+ bacteria, actinomycetes, AMF, and F:B (in order of strongest to weakest correlation).
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FIGURE 3. Canonical discriminant analysis of PLFA biomarkers for the two-way interaction of soil treatment and soil depth across sampling dates. Vectors represent standardized canonical coefficients and indicate the relative contribution of each biomarker group to each canonical variate. Ellipses represent 95% confidence region of the mean. CSF, chemical soil fumigation control with Pic-Clor 60 at a rate of 224 kg ha−1; ASD0.5, anaerobic soil disinfestation with 6.9 m3 ha−1 of molasses and 11 Mg ha−1 of composted poultry litter; ASD1.0, anaerobic soil disinfestation with 13.9 m3 ha−1 of molasses and 22 Mg ha−1 of composted poultry litter. G+:G−, ratio of Gram positive bacteria to Gram negative bacteria; F:B, ratio of fungi:bacteria; TMB, total microbial biomass; G+, Gram positive bacteria; Prot, protozoa; G−, Gram negative bacteria; Actino, actinomycetes; AMF, arbuscular mycorrhizal fungi; ASD0.5 d1, ASD0.5 at 0–15 cm soil depth; ASD0.5 d2, ASD0.5 at 15–30 cm soil depth; ASD1.0 d1, ASD1.0 at 0–15 cm soil depth; ASD1.0 d2, ASD1.0 at 15–30 cm soil depth; CSF d1, chemical soil fumigation control at 0–15 cm soil depth; CSF d2, chemical soil fumigation control at 15–30 cm soil depth.


The canonical discriminant analysis results further demonstrated that the microbial community composition characterizing the two ASD treatments were clearly different from that of CSF (Figure 3). Particularly, TMB, G+ bacteria, and G− bacteria were the key biomarkers differentiating CSF from ASD0.5 and ASD1.0 along canonical axis 1. CSF at both soil depths showed similar microbial biomarker characteristics according to canonical axis 1 and canonical axis 2, whereas the ASD treatments at 0–15 and 15–30 cm soil depths were well-separated along canonical axis 2. Moreover, the difference in microbial biomarkers between ASD0.5 and ASD1.0 appeared to be more pronounced at the soil depth of 0–15 cm than at 15–30 cm. The G+ bacteria played a more important role among other biomarkers in differentiating the two ASD treatments, while the G− bacteria tended to be more important in differentiating soil microbial composition between the two soil depths across the ASD treatments.




DISCUSSION

Soil fumigants are used extensively in Florida to manage soilborne pests and pathogens prior to growing strawberries, tomatoes, and other high-value crops. Although the effects of fumigants on beneficial non-target organisms at the field scale remain largely unknown (Jackson et al., 2013; Liu et al., 2015), previous studies have demonstrated fumigants including dimethyl disulfide (DMDS), Telone (1,3- dichloropropene or 1,3-D), and chloropicrin (CP) exhibit broad biocidal activity against non-target soil organisms (Dangi et al., 2015). The present study showed that shank-injected Pic-Clor 60 at a rate of 224 kg ha−1 to a soil depth of 30 cm (CSF) resulted in a reduction in the relative abundance of several soil microbial PLFA biomarkers. In general, concentrations of TMB, actinomycetes, AMF, G+, and G− bacteria, and protozoa were reduced at both 0–15 and 15–30 cm soil depths under CSF compared with ASD treated soils. Specifically, concentrations of protozoa under ASD0.5 and ASD1.0 increased exponentially at 0–15 cm soil depth compared with CSF, while concentrations of G− bacteria increased by more than 200% at 0–15 cm soil depth under ASD treated soils compared with CSF. At 15–30 cm soil depth, concentration of G− bacteria increased by 83% under ASD0.5 and by 108% under ASD1.0 compared with CSF. These results agree with findings from Dangi et al. (2015) who reported that microbial communities including G+ bacteria, G− bacteria, fungi, and AMF under fumigated soils were significantly lower compared with non-fumigated control plots. Other studies have also observed a decline in total microbial biomass after fumigation (Klose et al., 2006; Ge et al., 2021). However, previous studies on shifts in bacterial populations are inconsistent. While Yao et al. (2006) suggested G− bacteria may recover more rapidly following fumigation, others have reported that concentrations of G+ bacteria recover preferentially (Ibekwe et al., 2001). These inconsistencies in the literature may also be related to the availability and diversity of C-rich substrates (Hewavitharana et al., 2019).

The ratio of G+:G− bacteria was significantly greater under CSF vs. ASD treatments (except for the similar level between CSF and ASD1.0 at 0 DAT) at both soil depths, which may be primarily linked to the marked increase of G− bacteria populations in the ASD soil treatments. These results are in line with a previous study by Breulmann et al. (2014) who reported an increase in G+:G− bacteria ratio with decreasing labile C substrates along the soil profile. Gram negative bacteria generally utilize more labile, plant derived C sources, while G+ bacteria use C sources derived from soil organic matter or recalcitrant sources (Fanin et al., 2019). Thus, the structure and function of soil microbial composition are affected by substrate availability. In the present study, CSF soil treatment did not receive composted poultry litter or molasses as a source of mineral N and labile C substrate, respectively. Gram negative bacteria exhibit r-selected Monod growth kinetics, enabling rapid growth and reproduction in nutrient rich environments. It is likely that G− bacteria concentrations were promoted by the addition of molasses and CPL. In addition, some studies have reported on the influence of soil nutrient availability on soil microbial community composition. For example, Demoling et al. (2008) demonstrated that the addition of N changed microbial community composition compared with unfertilized plots. In their study, fungal growth rates were less negatively affected by fertilization compared with bacterial growth rates, while overall fungal biomass decreased more compared with bacterial biomass as a result of N fertilization. In our study, the addition of CPL and molasses contributed 372.5 and 745 kg ha−1 N and 4,907.5 and 9,815 kg ha−1 C for ASD0.5 and ASD1.0, respectively (Di Gioia et al., 2017). Thus, the observed differences in soil microbial community composition could be linked to creating an anaerobic environment during the ASD treatment period and the change in soil C and nutrient pools resulting from the incorporation of organic amendments.

The top 30 cm of soil is generally considered to be the root zone of many horticultural crops. The ability of soil microorganisms to establish and function within this zone after soil treatment is critical for maintaining productive soils. The canonical discriminant analysis revealed that for either ASD treatment, the soil microbial profile was well-differentiated between the two soil depths, whereas there was a lack of differentiation in the CSF treatment. In general, the concentrations of G+ and G− bacteria, AMF, fungi, and TMB were higher at 0–15 cm compared with 15–30 cm soil depth under ASD treatments, whereas no consistent differences were observed between 0–15 and 15–30 cm soil depth under CSF treatment. Regardless of soil treatment, the level of protozoa also decreased with increasing soil depth. One previous study that examined the effects of ASD in tree-crop nursery conditions in California reported soil microbial community changes as a function of soil depth (down to 76.2 cm) in ASD treated soils when the C source was only incorporated to a soil depth of 15.2–20.3 cm. The reduction of soilborne plant pathogens was significantly greater at the 15.2 cm soil depth, likely due to enhanced microbial metabolic activity resulting from the higher concentration of the C source at that soil depth (Strauss et al., 2017). This might be the similar case in our study, as molasses and CPL amended to a soil depth of ~15 cm, thus higher concentrations of several microbial biomarkers at 0–15 cm soil depth were observed.

The investigation of soil microbial community composition following ASD treated soils compared with fumigated soils at different soil depths is not well-documented in the literature. In a previous study, Guo et al. (2018) reported soil microbial community structure differed substantially between ASD and fumigated soils at 0–15 cm soil depth. Similarly, in the present study, canonical discriminant analysis of PLFA microbial biomarkers in CSF and ASD soil treatments at 0–15 and 15–30 cm soil depths clearly indicates differences in soil microbial community composition between ASD treated soils and fumigated soil. Soil microbial communities in ASD treated soils were distinctly different from fumigated plots, regardless of soil depth. The difference in soil microbial community structure between ASD and fumigated soils may be due to high toxicity of many fumigants to soil organisms (Ibekwe et al., 2001), while the addition of CPL and labile C sources in ASD soils likely promote a greater abundance of soil microbial populations (Guo et al., 2018). Mazzola et al. (2018) also observed distinctly different bacterial and fungal communities in ASD treated soils using rice bran at 20 Mg ha−1 or molasses at 20 Mg ha−1 compared with methyl bromide-chloropicrin soil fumigation. However, in their study soil samples were examined only to a depth of 0–15 cm.



CONCLUSIONS

In the present study, the concentration of selected microbial biomarkers including G+ bacteria, actinomycetes, general fungi, arbuscular mycorrhizal fungi, and fungi:bacteria ratio were impacted by the three-way interaction of soil treatment, sampling time, and soil depth while all of the microbial biomarkers were affected by the interaction of soil treatment and soil depth except protozoa and fungi:bacteria ratio. In general, ASD treatments increased the overall abundance of total microbial biomass, actinomycetes, arbuscular mycorrhizal fungi, protozoa, G+, and G− bacteria compared with CSF at both 0–15 and 15–30 cm soil depths across multiple sampling dates. Moreover, the concentrations of G+ and G− bacteria, arbuscular mycorrhizal fungi (except for at 0 DAT), general fungi, and total microbial biomass were higher at 0–15 cm compared with 15–30 cm soil depth under ASD treatments, whereas no differences were observed between 0–15 and 15–30 cm soil depths under CSF treatment. Overall, the soil microbial profile was well-differentiated between the two soil depths under ASD treatments but there is a lack of soil depth differences in CSF. These findings suggest that ASD soil treatments as an alternative to CSF may also exhibit potential for promoting soil health over the long-run in vegetable production systems, particularly within the area of the crop rhizosphere. In order to pinpoint specific players in different soil microbial functional groups, future research may use high-throughput DNA sequencing or other advanced approaches to elucidate soil microbial community composition in response to ASD application.
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