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Agricultural Soil Management Practices Differentially Shape the
Bacterial and Fungal Microbiomes of Sorghum bicolor

Heidi M.-L. Wipf,a Ling Xu,a Cheng Gao,a Hannah B. Spinner,a* John Taylor,a Peggy Lemaux,a Jeffrey Mitchell,b

Devin Coleman-Derra,c

aDepartment of Plant and Microbial Biology, University of California, Berkeley, California, USA
bDepartment of Plant Sciences, University of California, Davis, California, USA
cPlant Gene Expression Center, USDA-ARS, Albany, California, USA

ABSTRACT Soils play important roles in biological productivity. While past work sug-
gests that microbes affect soil health and respond to agricultural practices, it is not well
known how soil management shapes crop host microbiomes. To elucidate the impact
of management on microbial composition and function in the sorghum microbiome,
we performed 16S rRNA gene and ITS2 amplicon sequencing and metatranscriptomics
on soil and root samples collected from a site in California’s San Joaquin Valley that is
under long-term cultivation with (i) standard (ST) or no tilling (NT) and (ii) cover crop-
ping (CC) or leaving the field fallow (NO). Our results revealed that microbial diversity,
composition, and function change across tillage and cover type, with a heightened
response in fungal versus bacterial communities. Surprisingly, ST harbored greater mi-
crobial alpha diversity than NT, indicating that tillage may open niche spaces for broad
colonization. Across management regimes, we observed class-level taxonomic level
shifts. In addition, we found significant functional restructuring across treatments, includ-
ing enrichment for microbial lipid and carbohydrate transport and metabolism and cell
motility with NT. Differences in carbon cycling were also observed, with increased preva-
lence of glycosyltransferase and glycoside hydrolase carbohydrate active enzyme fami-
lies with CC. Lastly, treatment significantly influenced arbuscular mycorrhizal fungi,
which had the greatest prevalence and activity under ST, suggesting that soil practices
mediate known beneficial plant-microbe relationships. Collectively, our results demon-
strate how agronomic practices impact critical interactions within the plant microbiome
and inform future efforts to configure trait-associated microbiomes in crops.

IMPORTANCE While numerous studies show that farming practices can influence the soil
microbiome, there are often conflicting results on how microbial diversity and activity
respond to treatment. In addition, very little has been published on how the corre-
sponding crop plant microbiome is impacted. With bacteria and fungi known to crit-
ically affect soil health and plant growth, we concurrently compared how the practices
of no and standard tillage, in combination with either cover cropping or fallow fields,
shape soil, and plant-associated microbiomes between the two classifications. In deter-
mining not only the response to treatment in microbial diversity and composition, but
for activity as well, we demonstrate here the significance of agronomic practice in mod-
ulating plant-microbe interactions, as well as encourage future work on the mechanisms
involved in community assemblages supporting similar crop outcomes.

KEYWORDS conservation agriculture, reduced disturbance, cover crops, microbiome,
sorghum, amplicon sequencing, metatranscriptomics

The soil underfoot is intimately tied to the wealth and wellbeing of our nations,
where numerous, vital ecosystem services are provided by the approximate one

fourth of the world’s biodiversity that is hosted by soil (1). Soil health is defined as “the
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capacity of soil to function as a living system” (2) and is characterized by the ability to
sustain biological productivity, promote plant and animal health, and preserve air and
water quality (3). In particular, healthy soils can improve crop yields by promoting nu-
trient cycling, water retention, pest and disease control, and the storing, filtering, and
transformation of a wide array of compounds (4). Despite this key involvement in the
degree and maintenance of agricultural productivity, soil health is on the decline and
about one third of land globally is impacted by soil degradation (5).

Agronomic soil management practices are a critical factor in determining short- and
long-term soil health (6). Tillage is one long-standing method that has been conven-
tionally used to control weeds and loosen soil in preparation for planting. With inten-
sive, mechanical agitation of soil to depths up to 45 cm, tillage typically leaves less
than 15% of the previous year’s crop residue on the soil surface (7). While standard till-
age (ST) can more evenly distribute organic matter and nitrogen, remove unwanted
plants and potential pathogens, and aerate the soil, it can also lead to soil compaction
below the depth of tillage, erosion, an increased need for fertilizer application,
decreased carbon sequestration, and increased rates of soil moisture loss (8–11). One
alternative is reduced or no tillage (NT), which leaves 15 to 30% (reduced tillage) or
more (no tillage) of the previous crop residue on the soil surface. This method can
abate runoff and erosion by facilitating water and fertilizer infiltration, improve carbon
sequestration, decrease soil temperature fluctuations, and requires fewer fuel and
labor inputs than ST (7, 12, 13). In addition, NT has been correlated with increased nu-
trient levels—including soil total nitrogen, phosphorus, and exchangeable potassium
and calcium, as well as reduced exchangeable magnesium, cation exchange capacity,
and zinc—compared to ST (14–16). The potential disadvantages of NT, however, can
include increased herbicide dependence for weed control and soil health benefits that
manifest over multiple growing seasons (7). An additional practice that can benefit soil
health and is often used in conjunction with both ST and NT is cover cropping (CC),
where one or more crops are grown in off-season months as an alternative to letting
fields lie fallow (NO). CC can reduce soil erosion, hinder weeds, and enrich soils with
nitrates and organic material, as well as augment biological diversity, increase crop
yields, improve water availability, and propagate arbuscular mycorrhizal fungi (AMF)
(17–23). Moreover, management practices employed in combination can have syner-
gistic impacts on increasing crop yield over time (24–26).

One research direction that may yield important insights into the mechanisms that
support soil functioning and improve crop performance is investigating the impact of
agricultural practices on the microbiomes of plant hosts and the surrounding soil. It is
well known that plant root-associated microbiomes can alter plant fitness and that
plant root microbiomes are largely derived from the surrounding soil microbiome
(27–30). What the combined effects of these soil practices are on agroecosystem-asso-
ciated microbial communities has been less studied. Past work has shown that NT and
CC can broadly increase soil microbial diversity and abundance, as well as reduce the
amounts of fungal pathogens, compared to the conventional practices of ST and NO
(31–37). In comparison to soils, it is even less clear what impact tillage and CC have on
plant microbiome diversity, composition, and function. In the last few years, it has
been demonstrated that wheat rhizosphere bacterial communities are indeed influ-
enced by tillage (38). There is also some evidence suggesting that AMF are thought to
be negatively impacted by intense tillage and monocultures, with higher spore density
and active hyphal length reported in reduced tillage systems (39–41), and Rosner et al.
observed that reduced tillage with CC may increase AMF root colonization in some
plant hosts (Helianthus annuus L.), but not others (Triticum aestivum L.) (42).

Furthermore, relatively few studies have compared the responses between bacterial
and fungal communities across agricultural soil management regimes, despite evi-
dence of important functional complementation and antagonistic interactions existing
between classifications (43). Coinoculations of multiple bacteria and fungi have been
shown to improve plant growth, survival, and productivity versus single inoculations
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(44, 45), and changes in community balances can be linked to disease in associated
hosts (44, 46). In addition, tillage has been shown to decrease the soil biomass of fungi
while that of bacteria increased (47), suggesting that bacteria and fungi may respond
differently to soil management. Indeed, when comparing various tillage intensities in
combination with conventional and organic management systems, soil bacterial com-
munities were largely structured by tillage, while fungi were primarily impacted by sys-
tem type (48). While one study also found that soil bacterial community richness and
composition were more impacted by tillage than fungi (49), another suggested that
bacteria may be more impacted by practices other than tillage, such as crop rotation
(50). Lastly, within wheat roots, fungi may be more impacted by tillage than bacterial
communities (48). Collectively, this work demonstrates that agricultural practices can
significantly impact agriculture-associated microbiomes and elicit different responses
in the bacterial and fungal fractions of these communities. However, more research is
needed to understand how combinatorial agricultural soil management practices
impact the assembly and activity of crop microbiomes, as well as their relation to plant
fitness.

To address these knowledge gaps, we utilized a field site in California’s San Joaquin
Valley. It has been managed for close to two decades with a combination of (i) NT or
ST practices and (ii) CC or NO to test how these management practices impact the
composition and function of sorghum root microbial communities. Using 16S rRNA
and ITS2 amplicon sequencing, in addition to metatranscriptomics, we test four spe-
cific hypotheses regarding the impact of these practices on the crop microbiome. (i)
Fungal communities are influenced by management regime to a greater extent than
bacteria, due to the vulnerability of hyphal networks to damage from tillage. (ii) NT dif-
ferentially impacts composition and function in microbial communities, compared to
ST, and will reflect greater niche differentiation due to reduced disturbance. (iii)
Greater amounts of carbon cycling activity occur with ST than NT, as past crop residue
is shredded and buried for rapid degradation with ST management. (iv) CC promotes
increased microbial diversity and enriches for AMF, over NO, due to increased amounts
of resources regularly provided by the plants grown in the off season.

RESULTS
Minimal variation in measured plant and soil chemical characteristics across

soil management types. To address our hypotheses on how soil management prac-
tices impact crop plant-microbe interactions, we surveyed the bacterial and fungal
communities of soil and the rhizospheres and roots of Sorghum bicolor grown at the
West Side Agricultural Research Station in Five Points, California, where plots are under
long-term management with NT or ST and CC or NO (see Fig. S1 in the supplemental
material). To allow for comparisons between the effects of agronomic practice on soil
and plant-associated microbiomes, as well as investigate developmental and temporal
variability, samples were collected from three replicate plots before and after flowering
in the summer of 2016 and before flowering in 2017 (see Fig. S1). At the time of each
sampling, plants from which roots and rhizospheres were harvested were phenotyped
(see Fig. S2). We observed that management practices did impact the above-ground
plant phenotype (see Fig. S2), where variation in fresh shoot biomass was significantly
explained by tillage and cover type (P, 0.05) for before flowering time points (see
Table S1). However, both treatment types were statistically nonsignificant for plant
height and yield variation (see Table S1).

To characterize soil environmental factors that could contribute to describing our
microbial community results, soils sampled in 2016 were chemically profiled (see Table
S2 and Fig. S3). We found that the majority of parameters measured varied slightly
across treatment, including percent organic matter, which averages ranged between
2.46% (STNO) and 2.90% (STCC) (see Fig. S3). We further observed that variation in soils
was only statistically significant for aluminum concentration (tillage type: F = 10.67,
P=0.031; cover type: F = 10.67, P=0.031) and calcium base saturation (tillage type:
F = 22.857, P=0.009). However, these levels of aluminum (8.33 to 10.00 ppm) are not
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expected to impact root and shoot growth in soil pH levels above 5 (51). In addition,
past work demonstrates that this range in calcium base saturation (77.67 to 82.00%)
does not differentially impact plant growth (52). Taken together, these results suggest
that plant growth—in particular, shoot biomass accumulation—is impacted by soil
management to a slight degree, and soil physicochemistry varies minimally across
treatments in this field site.

Microbial community diversity and composition are significantly altered by
management practice, with greater impacts for fungi. To survey the impacts of till-
age and cover type on plant-associated bacterial and fungal microbiomes, community
composition was investigated for each sample type (soil, rhizosphere, and root) using
Illumina MiSeq sequencing of the V3-V4 region of the 16S rRNA gene and 5.85Fun-
ITS4Fun region of the internal transcribed spacer 2 (ITS2) gene. We predicted that less
mechanical soil disturbance would promote niche differentiation over time, and this
would be reflected with higher diversity in samples collected from NT managed fields.
Surprisingly, our results indicated that Shannon’s diversity is greater in fields managed
by ST, versus NT (P, 0.001; means, bacteria: 5.61 versus 5.48 and fungi: 2.61 versus
2.26) for soil (both classifications; see Fig. S4a and Table S3a) and rhizosphere (fungi
only) (Fig. 1a and Table 1) samples in time point 1. We also observed that tillage type
structured the alpha diversity of fungal communities to a greater extent than bacteria
(F = 31, P, 0.001; F = 13, P, 0.001, respectively), while the factor of cover type was sig-
nificant for bacteria only (F = 6, P=0.02) across all time points (see Table S4a). As pre-
dicted, bacterial and fungal Shannon’s diversity was generally higher on average with
CC for rhizosphere and root-associated communities as well (Fig. 1a and d; see also
Fig. S5a and c). Interestingly, in addition to time point, we found that tillage type was
highly statistically significant in structuring Shannon’s diversity in soils (bacteria: F = 13,
P, 0.001; fungi: F = 54, P, 0.001) and, to a lesser extent, in rhizospheres (bacteria:
F = 3, P=0.07, fungi: F = 53, P, 0.001).Within roots, tillage type was statistically signifi-
cant only at the after flowering time point (TP2) for fungi (F = 12, P=0.003), while bac-
terial root communities are significantly structured by cover type only (F = 4, P=0.04).
Taken together, these results demonstrate that tillage and cover type influence the
alpha diversity of sorghum-associated microbiomes, with increased Shannon’s diversity
under ST and CC, and suggest that tillage type shapes fungal soil communities in par-
ticular to a much greater degree than bacteria.

Tillage and cover type are expected to influence a number of soil characteristics
that can impact microbial fitness (53), including soil pore size, nutrient bioavailability,
and moisture. We therefore hypothesized that treatment would significantly structure
the beta diversity of hosted microbial communities. In addition, we predicted that till-
age type would impact fungi to a greater extent than bacteria, due, in part, to their for-
mation of extensive hyphae networks. To visualize and quantify the differences
between microbial communities (beta diversity), we used unconstrained principal
coordinate analysis, canonical analysis of principal coordinates (CAPs), and permuta-
tional multivariate analysis of variance (PERMANOVA) on Bray-Curtis dissimilarity dis-
tances. The beta diversity was significantly explained by tillage and cover type
(P, 0.001) (see Table S4b), and greater variation was attributed to tillage type for fun-
gal communities, versus bacterial communities, for all compartments (soil, rhizosphere,
and roots) in preflowering 2016 samples (TP1) (Fig. 1b and e and Table 1; see also Fig.
S4b and e and Table S3b). A pattern of greater variation due to tillage type within fun-
gal communities versus bacteria was again observed in postflowering (TP2) rhizo-
spheres and soils and preflowering roots the following year (TP3) (see Fig. S5b and d
and S6b and e). In addition, management treatment appears to have had a greater
impact during initial stages of rhizosphere colonization, since the variation in beta di-
versity attributed to tillage and cover type is higher for samples collected at the pre-
flowering time points (Fig. 1b; see also Fig. S4d) compared to the postflowering sam-
ples (see Fig. S4b). These analyses further indicate that (i) bacterial and fungal
communities are distinctly shaped by soil management type, with greater shifts across
tillage type predominantly occurring in fungi, and that (ii) plants likely buffer
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community shifts, with the strongest response to soil management type found in soils
and then the rhizosphere and roots.

We further analyzed community composition to determine whether certain taxo-
nomic lineages demonstrate a preference for any of the four management practices. In
addition to detectable shifts in class-level relative abundances for both bacteria and
fungi between soil management types within each sample type (soil, rhizosphere, and

FIG 1 Rhizosphere and root microbial communities are differentially impacted by soil management practice.
Amplicon data from time point 1 for bacterial and fungal communities in the rhizosphere (a to c) and root (d
to f) are shown. (a and d) Boxplots of Shannon diversity for bacteria and fungi with letters representing
statistical significance (analysis of variance, P , 0.05) between treatments within each sample type. (b and e)
Constrained ordinations for canonical analysis of principal coordinates tillage (x axis, CAP1) and cover type (y
axis, CAP2) with Bray-Curtis dissimilarity for bacteria and fungi. (c and f) Stacked bar plots of the six most
abundant classes for bacteria and fungi. Treatments no tillage with cover cropping (NTCC), no tillage with
leaving the field fallow during the off-season months (NTNO), standard tillage with cover cropping (STCC), and
standard tillage with leaving the field fallow (STNO) are represented with dark green, light green, dark purple,
and light purple, respectively, in panels a, b, d, and e.
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roots) (Fig. 1c and f; see also Fig. S6 and S7), we found that the relative abundance of
fungi shifted to a greater extent than bacteria across soil management type in preflow-
ering 2016 roots in particular (Fig. 1f). Observable shifts across treatment included a
greater overall prevalence of Bacilli with NO (Fig. 1c; see also Fig. S4c and 6c) and
Gammaproteobacteria with NT (Fig. 1c and f; see also Fig. S6f and S7a and b), in addi-
tion to a greater relative abundance of Agaricomycetes with ST in preflowering root fun-
gal communities (Fig. 1f; see also Fig. S7b). In addition, Eurotiomycetes and Dothideomycetes,

FIG 2 Soil management indicators partially cluster by phylogeny and correspond most to standard
tillage treatments. (a and b) Relative abundance plots of prokaryotic (a) and fungal (b) OTUs that are
indicator species (P# 0.001) for treatment type of no tillage with cover cropping (NTCC, dark green),
no tillage with leaving the field fallow during the off-season months (NTNO, light green), standard
tillage with cover cropping (STCC, dark purple), or standard tillage with leaving the field fallow
(STNO, light purple). The total number of indicators is indicated to the right of the plots in orange.
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when present, were generally at higher relative abundances in samples from NT plots (Fig.
1c and f; see also Fig. S4, S6c, and S7), with the exception of time point 3 soils. To further
explore taxonomic patterns, we performed indicator species analyses (P# 0.001) across all
sample types to determine whether certain operational taxonomic units (OTUs) correlated
with a specific tillage (NT and ST) and cover (CC and NO) type (see Fig. S8 to S10), as well as
treatment (NTCC, NTNO, STCC, and STNO) (Fig. 2; see also Fig. S9 and S10). For both micro-
bial classifications, we observed that a greater number of indicators are present in ST over
NT (bacteria: 539 versus 350; fungi: 50 versus 36) and CC over NO (bacteria: 77 versus 34;
fungi: 21 versus 7) (see Fig. S8). Interestingly, the vast majority of bacterial phyla consisted of
indicators largely specific to STCC and STNO treatment, including Proteobacteria,
Actinobacteria, and Chloroflexi (Fig. 2a). For fungi, the majority of indicator OTUs were in the
phylum Ascomycota (Fig. 2b), and treatment indicators appeared to phylogenetically cluster
(see Fig. S10). Taken together, these results indicate that (i) management impacts plant-asso-
ciated bacterial and fungal community composition on a class level, with greater commu-
nity shifts attributed to changes in tillage versus cover type, (ii) ST may support greater
diversification than NT, and (iii) fungal communities demonstrate an overall heightened sen-
sitivity to soil management practice than bacteria.

FIG 3 Soil and rhizosphere microbial activity varies with soil management practice. (a and b) Stacked
bar plots of the relative abundances of the top nine most active bacterial and fungal classes (a),
calculated as the sum of all transcripts corresponding to each class, and functions (b), as annotated
and grouped by COG (Clusters of Orthologous Groups of proteins) category, in sorghum rhizosphere
samples collected during time point 3 meta-transcriptome sampling. Treatment corresponds to no
tillage with cover cropping (NTCC), no tillage with leaving the field fallow during the off-season
months (NTNO), standard tillage with cover cropping (STCC), and standard tillage with leaving the
field fallow (STNO).
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Microbial activity varies across soil practices, with the greatest changes
observed between tillage types and within fungal communities. Changes in com-
munity composition determined by amplicon sequencing may, or may not, reflect
changes in the active fraction of the microbiome. In order to evaluate treatment effects
on the portion of the microbial community that is active, we sequenced and annotated
via Joint Genome Institute’s Integrated Microbial Genomes & Microbiomes Expert
Review (IMG/MER) system the metatranscriptomes of soil and rhizosphere commun-
ities at time point 3, corresponding to a vegetative stage of rapid growth in sorghum
development. Since NT retains past crop residues and ST is a major soil disturbance,
we hypothesized that management practice would correspond to distinct functional
changes between samples. To first broadly survey impacts on the active microbial com-
munity, we investigated bacterial and fungal beta diversity, as determined by Bray-
Curtis dissimilarity (see Fig. S11). We found that tillage type was a significant factor for
both classifications within soil and rhizosphere (P# 0.045) (see Table S5), where it con-
tributed to 29.1% (bacteria) and 36.3% (fungi) of beta diversity variation in soils and
15% (bacteria) and 19.8% (fungi) in rhizospheres (see Fig. S11). Cover type was border-
line significant in the soil only (bacteria: P value = 0.061; fungi: P=0.072) (see Table S5),
correlating to 13.4% (bacteria) and 12.7% (fungi) of variation in beta diversity (see Fig.

FIG 4 Soil management type enriches for numerous functions in rhizosphere bacterial and fungal communities. COG category
enrichment analysis of differentially expressed bacterial and fungal genes was individually performed for rhizosphere samples to
determine what genes are enriched with cover cropping in comparison to when the field is left fallow (CC versus NO) and with
no tillage compared to standard tillage (NT versus ST). The size of the circle represents the degree of fold enrichment, which is
calculated as the percentage of total differentially expressed genes (DEGs) that have a significant (P# 0.01) positive log2 fold
change in a given COG category out of all DEGs, divided by the percentage of total genes in that COG category. The color of the
circle represents whether the fold enrichment is #1 (blue) or .1 (red), and a white asterisk within the circle represents a
statistically significant (P# 0.05) fold enrichment, as determined by a hypergeometric test.
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S11). These analyses indicate that treatment affects active soil and rhizosphere com-
munities and tillage type affects diversity to a greater extent in fungal communities
than for bacteria, as was observed in our amplicon sequencing results.

Within both soil and rhizospheres, we observed treatment responses in the class-
level relative abundances of active microbes (Fig. 3a; see also Fig. S12a), as well as in
relative functional activity, as described using the Clusters of Orthologous Groups of
proteins (COG) database (54) (Fig. 3b; see also Fig. S12b). Bacterial community activity
is largely attributed to the classes Alphaproteobacteria and Actinobacteria (Fig. 3a; see
also Fig. S12a), and we detected several classes in the rhizosphere that vary across
treatment, including STCC hosting the highest relative levels of rubrobacterial and
clostridial activity (Fig. 3a). Similar to our amplicon data results, we also found evidence
of a greater response to treatment in active fungal classes, compared to bacterial
classes, in both sample types (Fig. 3a; see also Fig. S12a). In particular, NT hosted
greater relative activity by classes Agaricomycetes, Pezizomycetes, and Basidiobolomycetes
than ST (Fig. 3a; see also Fig. S12a). While bacterial activity on the level of COG category
varied somewhat across treatments, we observed that ST fungal communities harbored
relatively greater levels of energy production and conversion and coenzyme transport and
metabolism, and NT activity profiles were characterized by relatively higher transcription,
amino acid transport and metabolism, and posttranslational modification, protein turn-
over, and chaperone activity (Fig. 3b; see also Fig. S12b). CC also correlated with relatively
higher levels of fungal inorganic ion transport and metabolism in the rhizosphere (Fig. 3b).
Unsurprisingly, the greatest shifts in activity were between sample types, with the follow-
ing COG categories more represented in the rhizosphere: energy production and conver-
sion (for bacteria), translation, ribosomal structure, and biogenesis (bacteria), inorganic ion
transport and metabolism (fungi), and signal transduction mechanisms (both) (Fig. 3b; see
also Fig. S12b). These analyses reveal that soil management not only has distinct impacts
on what taxonomic groups are active in the soil and rhizosphere, but also affects the rela-
tive levels of activity occurring in bacterial and fungal communities; furthermore, metatran-
scriptome analyses demonstrate heightened responses to treatment within the fungal
microbiome, compared to bacteria.

To further characterize treatment impacts on microbial communities and determine

FIG 5 Soil management regimes differentially alter carbon cycling dynamics. Bar plots depict the number of transcripts for
carbohydrate active enzyme (CAZy) genes attributed to bacteria (pink) and fungi (blue) in the soil and rhizosphere across
treatments, in the following family classifications: polysaccharide lyases, glycosyltransferases, glycoside hydrolases, carbohydrate-
binding modules, carbohydrate esterases, and auxiliary activities. Treatments include the following: no tillage with cover cropping
(NTCC, dark green), no tillage with leaving the field fallow during the off-season months (NTNO, light green), standard tillage with
cover cropping (STCC, dark purple), or standard tillage with leaving the field fallow (STNO, light purple).
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whether treatment significantly selects for specific functions, we analyzed the fold
enrichment (Fig. 4; see also Fig. S13) and depletion (see Fig. S14) of genes from NT ver-
sus ST, as well as CC versus NO, in soil and rhizosphere samples. As anticipated, tillage
type impacted a broader range of functions than cover type; however, the functions
that are impacted by cover type are generally enriched and depleted to a higher fold
degree than those for tillage type (Fig. 4; see also Fig. S13 and S14). In addition, bacte-
rial and fungal communities responded to treatment with significant fold changes in
largely the same COG categories; for instance, both classifications are enriched under
NT for energy production and conversion in soils (see Fig. S13) and carbohydrate and
lipid transport and metabolism in rhizospheres (Fig. 4). In addition, within several COG
categories a set of genes was significantly enriched, while a different set was signifi-
cantly depleted (data not shown), including (i) cell motility, (ii) cell wall, cell membrane,
and cell envelope biogenesis, and (iii) translation, ribosomal structure and biogenesis.
These findings indicate that NT and—to a lesser degree—CC significantly impact a
range of functions in bacterial and fungal communities. Interestingly, gene activity
may also fluctuate considerably more for bacteria than fungi, where a greater number
of statistically significant fold changes occur under NT and CC management types;

FIG 6 Abundances and activity of agriculturally important fungal symbionts vary across soil management
regimes. (a) Bar plot showing total counts of arbuscular mycorrhizal fungi (phylum Glomeromycota) OTUs from
amplicon data across all time points. (b) Bar plot showing the total number of transcripts corresponding to
arbuscular mycorrhizal fungi from metatranscriptomic data collected in time point 3. (c) Stacked bar plot of the
relative abundances of all COG categories attributed to metatranscriptomic data from Glomeromycota.
Treatments included the following: no tillage with cover cropping (NTCC, dark green), no tillage with leaving
the field fallow during the off-season months (NTNO, light green), standard tillage with cover cropping (STCC,
dark purple), and standard tillage with leaving the field fallow (STNO, light purple).
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however, this may be due to how a greater number of sample reads originate from
bacteria versus fungi.

Furthermore, we performed an indicator species analysis (P # 0.05) on metatran-
scriptomes to determine whether particular microbial functions uniquely characterize
the soil and rhizosphere from plots managed by NT, ST, CC, and/or NO (see Fig. S15 to
S18). Similar to our amplicon data analyses, we observed more indicators for ST
(including STCC and STNO) versus NT (including NTCC and NTNO), as well as for NO
over CC, treatments (see Fig. S15 to S18). Interestingly, the majority of indicators did
not have a COG annotation, and we found no specific treatment-based patterns in
function categories (see Fig. S16 and S18). When we explored which COG-annotated
indicators arise in cover type, however, NO indicators were present to a greater degree
than those for CC and comprise a range of activity, including genes in the COG catego-
ries: carbohydrate and amino acid transport and metabolism (see Fig. S16c and S18c).
Together, these analyses further demonstrate that soil management uniquely affects
microbial gene activity, as well as suggest that ST and NO practices correlate to a
greater extent to distinct gene activity than NT and CC, where a larger number of indi-
cator genes in a greater number of COG categories correlate with ST and NO. In addi-
tion, our findings suggest that a broader range of unique activities may be affected by
soil treatment in bacterial versus fungal communities, although this may be explained
by how a greater number of sample reads originate from bacteria than fungi.

Patterns of microbially driven carbon cycling vary across soil management
types. In order to test our hypothesis that ST practices of shredding crop residue to
incorporate into soils would significantly alter microbial community dynamics in rela-
tion to carbon cycling, we performed an analysis of transcripts corresponding to carbo-
hydrate active enzyme (CAZy) genes (Fig. 5). While it was unsurprising to find that rhi-
zospheres correlated with a relatively greater level of transcripts for CAZy genes than
soils, we curiously discovered that NO systems corresponded to more CAZy gene tran-
scriptional activity than CC in soils and less in rhizospheres (Fig. 5). Interestingly, we
also detected relatively similar amounts of CAZy gene transcriptional activity for bacte-
ria and fungi within treatments and sample types (Fig. 5), though more sample reads
were of bacterial origin than fungal (see Table S6). The largest CAZy transcript-based
responses to treatment were found in two families, glycosyltransferases and glycoside
hydrolases (Fig. 5), which are involved in the biosynthesis of sugar polymers (disaccha-
rides, oligosaccharides, and polysaccharides) and the hydrolysis of glycosidic bonds in
polysaccharides (e.g., cellulose, hemicellulose, pectin, and chitin), respectively (55).
Based on past work (56), we also analyzed the putative substrates for the CAZy genes
detected on a transcript level (see Fig. S19) and found similar patterns across treat-
ments and sample types. Furthermore, compared to other soils, NTNO soils appeared
particularly active in degrading a wider variety of carbon sources, including xylan, oli-
gosaccharides, glycogen, lignin, and cellulose (see Fig. S19). These analyses suggest
that microbes in fields managed with CC are primed for plant-based carbon usage in
the rhizosphere, whereas NO supports microbial communities that utilize a greater di-
versity of carbon substrates in soils, which may have implications for soil carbon
sequestration.

Collectively, these results demonstrate that agricultural practices of NT, ST, CC, and
NO impact bacterial and fungal community activity, and these shifts are demonstrated
not only in the soil communities, but in sorghum rhizospheres as well. Our data dem-
onstrate shifts in taxonomic groups and a suite of COG categories and transcripts of
CAZy genes across soil management types. Furthermore, tillage type significantly
impacts a greater number of functions than cover type, and bacterial and fungal com-
munities have slightly different enriched and depleted COG categories with NT, versus
ST, as well as with CC versus NO. Lastly, transcript levels of microbial CAZy genes vary
across soil management treatment, with opposite patterns occurring in rhizospheres
versus soils for overall activity amounts associated with tillage and cover type, which
may be indicative of further differences in microbial community specialization to the
varying soil environment.
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Arbuscular mycorrhizal fungi differentially respond to soil management type.
Some soil practices can prime soils for plant-microbe mutualisms (57). In order to
determine how soil management regime may impact plant-microbe interactions
known to promote plant health, we compared the amount and activity of AMF across
management treatments from amplicon and metatranscriptomic data (Fig. 6). We
observed a greater abundance of AMF with CC, and we also surprisingly found that
AMF were most prevalent in samples collected from plots managed with STCC (Fig.
6a). Furthermore, while AMF were least prevalent in STNO samples (Fig. 6a), STNO cor-
responded with the most overall AMF activity (Fig. 6b). Functional profiles also varied
widely across treatments and sample types, where AMF activity was characterized by
the greatest relative levels of (i) coenzyme transport and metabolism in both soils and
rhizospheres managed with NT, (ii) lipid and nucleotide transport and metabolism in
NTNO soils and rhizospheres, and (iii) translation, ribosomal structure, and biogenesis
in ST soils and STCC rhizospheres (Fig. 6c). Taken together, these results show evidence
that soil management practices greatly influence the abundance and activity of one of
the most well-known fungal symbionts of agricultural importance (58).

DISCUSSION

Our study provides an initial look at how the agricultural soil management practices
of standard and no tillage, in combination with cover cropping and leaving fields fal-
low, shape the assembly and activity of crop-associated bacterial and fungal commun-
ities during sorghum development. Past work suggests that microbial communities are
influenced by soil management, where microbial diversity can increase with reduced
tillage (59–61) and CC (61, 62), and CC can promote microbial abundance (59, 63), but
combined practice impacts on the microbiome are not well characterized and under-
stood. We hypothesized that we would find reduced fungal and bacteria diversity with
ST, reasoning that NT could allow for the construction of distinct niches for coloniza-
tion by distinct groups of microorganisms over time. Surprisingly, we found that ST
was associated with greater diversity for the majority of sample types and time points,
as well as larger numbers of indicator OTUs. To our knowledge, only one other study
has reported that intensive tillage is associated with increased bacterial and fungal di-
versity compared to reduced- and no-tillage regimes (48). A possible explanation for
this increased diversity with ST may involve the impacts of disturbance, where tillage
may increase nutrient availability and open niches for colonization that may otherwise
have been inaccessible due to competitive exclusion (64, 65). Furthermore, disturbance
has been shown to be an important driver in endophyte community variation (66) and
to influence microbial diversity (67). As such, ST here may present an intermediate level
of disturbance that may support a greater variety of specialist and generalist microbes
(64, 68). Past studies do suggest that disturbance can lead to fungal or bacterial com-
munity shifts in host niches, where antibiotic use has been associated with overgrowth
of the fungus Candida albicans in animal guts and root-associated fungi were detri-
mental to plant hosts in the absence of commensal bacterial (reviewed by Getzke et al.
[43]). Similar results have been observed in other systems as well: one study found
increased microbial diversity with disturbance in marine sediments (69), and combina-
tions of temperature and physical disturbance have been correlated with increased
coral microbiome diversity (70). Others have observed that the adaptive diversification
of microbial communities was significantly greater in the absence of an established
community, which NT systems may engender (71). We recommend that future studies
sample a range of time points post-tillage to help further our understanding of how ST
systems impact diversity and what factors microbial diversification is dependent on. In
addition, as increased diversity has been shown to promote community recovery after
environmental disturbance (72), we recommend more studies to test whether this
increased diversity in managed soil is beneficial to plant yield and growth under vari-
ous climate and nutrient conditions, as well as explore what costs to host fitness may
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occur with increased diversity, in order to better understand how resident diversity
may inhibit or promote resilience in the face of changing environmental conditions.

Several other factors may explain, in part, this response in microbial diversity. One
factor is sampling depth. Recent work on the soil microbiome shows diversity increases
under NT with increasing soil depth (59, 73, 74), and soil management types can favor
distinct microbial life strategies (59). For example, distinct bacterial communities and
differing dominant taxa have been found in no-tillage systems across depths up to
100 cm from the soil surface (74). Soil fungal communities in no-tillage systems have
also been shown to be highly stratified across depths of 0 to 100 cm, with lower diver-
sity and a greater proportion of pathotrophic or symbiotrophic taxa, in addition to sap-
rotrophic, at greater depths (73). For these reasons, future efforts in this area should
consider, including depth as an additional experimental parameter. Another factor that
may influence patterns drawn from community characterization is the taxonomic level
at which analyses are performed. One study that explicitly explored this found
increased microbial diversity in no-tillage systems only when looking beyond the phy-
lum level (34), and future studies may consider a finer scale and a wider range of analy-
ses (75), including indicator species and/or functional guild analyses. Lastly, one addi-
tional factor that may potentially contribute to reduced microbial diversity in NT
systems may relate to how soils managed by NT are often wetter than those managed
by ST (76); wetness can reduce the number of microaggregates and therefore microha-
bitats that are conducive to the establishment and maintenance of microbial diversity
(77).

There is evidence that reduced and no tillage can improve carbon sequestration
and reduce atmospheric carbon release compared to ST (78–81). We thus hypothesized
that samples from plots under NT management would support a distinct functional
profile that would include smaller amounts of carbon cycling than with ST, due, in
part, to greater amounts of more intact past crop residue in NT plots that, conse-
quently, may require a longer time frame to break down (82). In addition, we sampled
to depths of 15 cm, and while some redistribution of nutrients does occur with earth-
worm populations (83, 84), a significant amount of crop residue in NT plots is generally
localized to the soil surface (85). Consequently, microbial activity was likely stratified
and the overall signal from any one layer reduced with our sampling method. We fur-
ther hypothesized that CC would also correspond to a functional profile that differs
from NO due to an enrichment of plant-associated microbes and evidence that CC
favors moderately fast-growing microbes with a relatively high metabolic range (59).
Cover crops have been found to increase plant and microbial biomass and alter soil
microbiomes (86–90), due, in part, to increased inputs of organic carbon from exudates
and litter, as well as influences on soil aggregation and moisture (91, 92). Indeed, our
results demonstrate that each treatment type corresponds to a distinct functional pro-
file, which corroborates prior work (62), in which agricultural soil management prac-
tices shifted fungal functional composition, with no tillage corresponding to increased
relative proportions of symbiotrophs, whereas saprotrophs decreased. However,
another study found similar microbial activity in no-tillage and conventionally tilled
soils (93). We recommend that additional studies in different fields and across time
points also consider collecting metatranscriptomic analysis to better understand how
microbial activity is influenced by soil management. Furthermore, we found that treat-
ment correlates with much greater changes in function than composition, highlighting
both the importance of metatranscriptomic analysis to better characterize microbiome
responses to the environment and that amplicon data alone is not sufficient in deter-
mining whether, and to what degree, a microbiome is changing in response to a
disturbance.

With NT often employed with the aims of improving soil health, we further investi-
gated how soil management impacted carbon cycling dynamics using the CAZy data-
base. Carbohydrate active enzyme classes glycosyltransferase and glycoside hydrolase
(involved with the making and breaking of glycosidic bonds, respectively) were present
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at high abundances for all treatments and are important for energy mobilization,
defense, signaling, symbiosis, and secondary plant metabolism (94). While minimal ac-
tivity was detected in soils with CC, we surprisingly found high CAZy gene levels char-
acterize NO treatments, with the highest levels from NTNO samples. This may be due
to selective pressures in NTNO soils that favor the prolonged breakdown of complex
carbohydrates in soil residue as a primary energy source, and we suggest more studies
to determine the implications on overall carbon sequestration ability. In rhizospheres,
CC corresponded to higher levels of carbohydrate-related activity than NO, with the
highest in STCC, suggesting that CC selects for microbes that readily utilize plant-based
photosynthates and STCC systems may be sourced with more available carbon from
both the living plant and the shredded past crop residue. Future work may include
metabolomics and radiolabeled substrate to determine how carbon break down and
usage may differ across management treatments.

Evidence from recent studies suggests that bacterial and fungal communities differ
in sensitivity to environmental parameters (48, 95, 96). Given that (i) tillage is a major
physical disturbance, (ii) many soil fungi grow in extended hyphal networks across con-
siderable distances (97), and (iii) fungi are considered dominant decomposers of crop
residue (98), which is present to a greater extent in NT and CC systems, we hypothe-
sized that fungal communities would be altered to a greater extent than bacteria by
implemented soil management practices. As predicted, we found that fungal commun-
ities did shift across soil management to a greater extent than bacteria. Specifically, till-
age type (NT and ST) was more highly attributed to impacting beta diversity in fungal
communities than bacteria. In addition, management type (NTCC, NTNO, STCC, and
STNO) corresponded to greater shifts in relative abundances for fungal taxonomic and
functional categories than bacteria. This included a shift of at least 20% between man-
agement types for all six of the top six most abundant fungal classes (versus the five
for the top bacterial classes) and STCC being represented by twofold more relative
amounts of inorganic ion transport and metabolism activity than any other manage-
ment type in fungal communities, a magnitude of change not observed in bacterial
communities for any category. Furthermore, many fungal community members at high
taxonomic levels responded similarly to tillage type, suggesting that tilling structures
communities by acting on traits broadly shared within the classification, while bacteria
are less sensitive, more resilient, and/or inhabit more diverse niche spaces than fungal
communities. Our findings contradict other studies that compare bacterial and fungal
responses to agricultural soil management using amplicon sequencing, where it was
observed that the bacterial communities of soil and wheat roots are more sensitive
than fungi to tillage type (48, 49, 59). Many more studies have explored soil manage-
ment effects on soil bacteria and fungi with regard to biomass, but reported conflicting
results; some observed increased ratios of fungal to bacterial biomass in no-tillage sys-
tems (99–101), while others found either decreased ratios or no changes at all in fun-
gal/bacterial biomass ratios (33, 102–104). In addition, other studies have found an
increase or no change in fungal (105, 106) and bacterial (87) diversity with no tillage.
These differences could partly be explained by a range in sampling locations and times
throughout the year, which can correspond to various climatic factors, soil moisture
levels, and chemical and physical soil characteristics—all of which may influence asso-
ciated community dynamics (102, 107). There is also evidence that length of time from
when the practice of no tillage is first adopted, to date of sampling, can also influence
results, where it can take several years to see a stabilization in soil parameters and
improvement in plant yield (12). When analyzing the active community, we similarly
discovered that the activity and composition of fungal communities shifts to a greater
extent than bacterial communities across treatments. Fungi have been shown to have
higher carbon/nitrogen ratios (108), slower biomass turnover (109), and broader enzy-
matic capabilities at large (110) than bacteria, and there is some evidence showing
that differences between bacterial and fungal physiology may result in large scale
impacts on carbon cycling (111–114). Despite broad-level differences between

Tillage and Cover Type Impact the SorghumMicrobiome Applied and Environmental Microbiology

March 2021 Volume 87 Issue 5 e02345-20 aem.asm.org 15

https://aem.asm.org


bacterial and fungal activity across treatment, we detected a similar number of CAZy
transcripts for fungi and bacteria, suggesting that both classifications may have a simi-
lar level of carbon usage in soils and rhizospheres at the sampled time point. This joins
other evidence of some functional redundancy across microbial classifications regard-
ing the breakdown of organic matter (115). We recommend that future studies take
into account multikingdom responses to agricultural soil management practices and
consider sampling at multiple time points spanning multiple years. Inclusion of such
design elements would help advance our understandings of how microbial dynamics
vary over time with these management practices and in accordance with important
stages of plant development, as well as how crop-associated microbial communities
can be modulated by soil management for climate-smart agriculture (116) and pro-
mote plant growth and yield.

We predicted an enrichment for AMF with CC, compared to fallow treatments, due
to CC increasing selection pressure for plant-associated microbes and providing con-
tinuous photosynthate energy resources in the off season, where cover crops have
been shown to have species-specific effects on microbial communities (89) and can
promote AMF associations (40, 117–120). CC appeared to make the most difference in
overall AMF abundance when fields were also managed with ST, suggesting that STCC
management may be more conducive to AMF associations. This may be due to less
competition with other mutualists, where AMF species have been shown to compete
for root colonization, with interspecies impacts on plant growth (121–123). Interestingly,
relative activity of AMF varied significantly across treatments in both the soil and rhizo-
sphere, suggesting different roles are being played for the host, depending on proximity
(from soil to rhizosphere). Future work exploring how soil treatment impacts the perform-
ance and proliferation of other plant-growth-promoting microbes, including those intro-
duced by a microbial biostimulant, is suggested, in order to determine whether certain
soil practices and communities can promote mutualisms.

Lastly, all four soil management treatments supported surprisingly similar soil
chemistry profiles and plant growth and yield phenotypes, although their associated
microbial communities significantly varied. We found that microbial activity varied
across treatment as well, and the increased relative abundances of various COG cate-
gories, including inorganic ion and coenzyme transport and metabolism, with tillage
may relate to a greater prevalence of macro- and micronutrients. Although the slight
variation in soil chemistry that we detected across treatments unlikely contributes to
major shifts in microbial diversity (124, 125), nutrient additions (in particular, nitrogen
and phosphorus) are known to significantly impact bacterial and fungal community
composition in a variety of soils (124–126). Shifts in microbial life history strategies
(copiotroph/oligotroph ratios; competitors, stress tolerators, ruderals) have also been
reported in investigations of NT and ST soils (16, 73, 74, 127), as well as with specific
nutrient additions to soil (124). There is evidence of certain soil parameters increasing
under NT, compared to tillage, including percent organic matter, soil pH, exchangeable
calcium, and available phosphorus (12, 128–130). The extent of these shifts can vary
considerably across studies, however, and discrepancies likely correspond to differen-
ces in sampling and quantification methodologies, as well as soil characteristics like
mineralogy (12, 131). Variability may also relate specifically to soil microbial metabolic
activity, where higher levels of various enzymes, including phosphatase, have been
found in no tillage systems (132). Conditions such as residue quantity and quality, as
well as the environment, have been shown to influence the functional diversity of soil
microbial communities (133). Furthermore, certain soil factors regulate microbial com-
munity activity to a greater degree than others, where, for instance, aluminum and pH
levels considerably shape microbial carbon usage (134). In order to better understand
how microbial composition and metabolic processes shape the biogeochemistry of
agroecosystems, we suggest that soil chemistry is monitored long term and is related
to ongoing microbial activity at several depths to the surface. In particular, past studies
using the same field site has shown redistribution of nutrients to the soil surface layer
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(0 to 5 cm) with no tillage, and at greater depths, significant differences between no
tillage and standard tillage are not seen (129, 130). In addition, we recommend that
future work investigates the mechanisms at play in providing plant benefits in lower
diversity systems, compared to higher diversity systems, as could be achieved with
transcriptomics in plants and metabolomics. Lastly, determining the rate of host colo-
nization in different management regimes, by utilizing a series of time points earlier in
and across plant development, would add to our understanding of microbial agroecol-
ogy and how farming practices influence plant-microbe interactions. This study would
also help determine whether host colonization is slower in NT systems, particularly
with CC, with the potentially increased presence of more competitors in the microbial
community.

Conclusion. Utilizing the ability of microbial assemblages to promote plant growth
is one promising means of improving crop performance and has attracted interest in
both academia and industry. Despite the importance of the plant microbiome in pro-
moting plant yield and numerous studies demonstrating that the plant microbiome is
influenced by the local soil community, not much is known how current agricultural
soil management practices influence the assembly and activity of plant-associated mi-
crobial communities. Here, we employed 16S rRNA gene and ITS2 amplicon sequenc-
ing and metatranscriptomics to characterize bacterial and fungal communities in sor-
ghum roots and rhizospheres and soils managed by standard and no tilling, in
conjunction with cover cropping and leaving a field fallow during the off-season
months. We observed that standard tilling and cover cropping correlated with
increased microbial diversity, fungi were more sensitive than bacteria to tillage type, as
evidenced by shifts in composition and activity, and the activity and association of
arbuscular mycorrhizal fungi varied with treatment type. This study furthers our under-
standing of how microbial communities respond to soil management practices and
provides direction for how we might better optimize soil environments for beneficial
plant-microbe interactions.

MATERIALS ANDMETHODS
Field experimental design. This study was conducted at a 3.6 ha field site maintained by the

University of California West Side Research and Extension Center in Five Points, California (36°209290N,
120°79140W), in which plots have been managed by standard (ST) and no-tilling (NT) practices from
1999 to the present day. Prior to the start of tilling treatments, a barley (Hordeum vulgare L.) crop was
grown and removed in 1998 to reduce any potential differences in soil fertility and moisture from previ-
ous land usage. A yearly tomato-cotton rotation was then planted across four replicate blocks. In 2014,
this tomato-cotton rotation was switched for a yearly rotation of sorghum (Sorghum bicolor) and gar-
banzo beans (Cicer arietinum).

The site consists of 32 plots that are each 9.1 m wide by 30.5 m long, with either a 9.1-m buffer or a
border plot between treatment plots (see Fig. S1 in the supplemental material). Each treatment plot con-
sists of six planting beds. Plots are divided into four soil management treatments. ST treatment has
been described in detail previously (85), and it entails past crop residue shredding, multiple soil diskings
to mix residues to a depth of 20 cm (cm), use of a subsoil shank at about 30.5 to 45.7 cm, additional disk-
ing to 20 cm to soil clods, and pulverization of the surface 20 cm of soil. In addition, planting beds were
broken down and remade following each harvest. During the first 8 years, the NT treatment limited soil
disturbances to shallow weed removal and tractor traffic was restricted to certain furrows. In 2012, NT
fields became true no-tillage systems with the only soil disturbance occurring at the time of seeding or
transplanting. During the entire length of this study, the location of NT planting beds was preserved,
and past crop biomass was left on the field. An adapted overview of soil profiles when fields are man-
aged by NT, versus ST, is provided in Fig. S20 (135).

Following each year’s harvest, half the rows within the ST and NT treatments were either left fallow
(NO) or planted with a cover crop mixture (CC) in October. This mixture was originally made up of Juan
triticale (X Triticosecale Wittm.), Merced rye (Secale cereale L.), and common vetch (Vicia sativa L.); in
2010, pea (Pisum sativum L.), faba bean (Vicia faba l.), radish (Raphanus sativus), and Phacelia (Phacelia
tanacetifolia) were added to the mix. Cover crops were cut in mid-March of the following year using a
Buffalo Rolling Stalk Chopper (Buffalo Equipment, Columbus, NE). In the STCC system, the chopped
cover crop was disked into the soil to a depth of about 20 cm. The cut cover crop in the NTCC system
was sprayed with a 2% solution of glyphosate [N-(phosphonomethyl)glycine] and left on the surface as
a mulch. Dry fertilizer (11-52-0 N-P-K) was applied in equal amounts to each plot preplanting of sorghum
at 89.2 kg ha21 (9.8 kg ha21 N and 46.4 kg ha21 P) using a standard straight fertilizer shank at depths of
15 cm. Additional N (urea) was side dress applied at 111.5 kg ha21 for a total of 51.3 kg N ha21 in two
lines about 18 cm from the transplants and about 15-cm deep about 4weeks after transplanting.
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The average surface residue that typically remains following the combination of these four treat-
ment types follows a decreasing gradient, with over 90% for NTCC, between 40 and 70% for NTNO,
between 10 and 20% for STCC, and below 5% for STNO (85).

Sample collection and processing. In the summer of 2016, we sampled at two time points corre-
sponding to before and after flowering, i.e., 40 and 80 days after planting, respectively, for sorghum (see
Fig. S1). Specifically, for each treatment plot (NTCC, NTNO, STCC, and STNO), rhizosphere and roots were
collected from three plants positioned 20.4 m apart in the same row and three beds into each plot. Soil
was collected 20 cm away from harvested plants, in furrows, using a soil auger to sample 0 to 15 cm
from the soil surface. We collected three rhizosphere, root, and soil samples each per treatment per
three replicate blocks for a total of 108 samples: 3 samples � 3 sample types � 4 treatment types � 3
blocks. In addition, at each position we collected topsoil for each treatment per three replicate blocks
(12 samples in all) to total approximately 500 g, in order to determine soil organic matter, pH, cation
exchange capacity, and macro- and micronutrient levels, as analyzed by the Soil and Plant Nutrient
Testing Laboratory at the University of Massachusetts, Amherst. Plant height and fresh shoot weight
were measured for each plant harvested.

The following summer, we similarly sampled soils and sorghum roots and rhizospheres at a before
flowering time point, i.e., 38 days after planting. We collected from two plants that were located 20.4 m
into the row that was, as was done the year prior, three beds into each plot, sampling per treatment per
three replicate blocks (see Fig. S1). One plant was sampled for amplicon sequencing, while the other for
metatranscriptomics, in order to better correlate community composition with activity, as well as help
validate year one results. Plant height and fresh shoot weight were again measured for each plant har-
vested. Plant yield was estimated when sorghum was harvested in October of those years (12 October
2016 and 16 October 2017) by harvesting 15-m lengths of one row in each plot with a 46-cm bundle
plot thresher (Kincaid Equipment Manufacturing, Haven, KS).

DNA extraction and library preparation. Samples (108 per time points 1 and 2, 36 for time point 3
[252 total]) were transported from the field to the laboratory on dry ice and DNA extracted using a
Power Soil DNA isolation kit (catalog no. 12888-100; MoBio, Carlsbad, CA). Concentrations were meas-
ured with a Qubit 3 fluorometer, and dilutions were then made to 5 ng/ml. To construct 16S rRNA gene
and internal transcribed spacer 2 (ITS2) amplicon libraries, DNA from each sample was amplified using a
dual-indexed 16S rRNA and ITS2 Illumina iTags primer set specifically to the V3-V4 16S rRNA (136) and
5.85Fun-ITS4Fun ITS2 region (137), respectively, using 5-Prime Hot Master Mix (catalog no. 2200410),
according to protocols and conditions detailed previously (138, 139). Replicates were pooled, and the
DNA concentration for each sample was then quantified using a Qubit 3 fluorometer. Using 100 ng of
each PCR product, the amplicons were next pooled. Before submitting for sequencing, pooled samples
were cleaned with 1.0� volume Agencourt AMPureXP (Beckman-Coulter, West Sacramento, CA) beads,
according to the manufacturer’s directions, except for the modifications of using 1.0� rather than 1.6�
volume beads per sample, dispensing 1,500ml of 70% ethanol rather than 200ml, and eluting in 100ml
of DNase-free H2O rather than 40ml. An aliquot of the pooled amplicons was diluted to 10 nM in a 30-ml
total volume and then submitted to the QB3 Vincent J. Coates Genomics Sequencing Laboratory for
sequencing, using the Illumina MiSeq platform’s 300-bp paired-end reads with v3 chemistry.

Amplicon sequence data processing. The resulting 16S amplicon libraries produced on average
approximately 38,135, 44,906, and 37,852 reads per sample for soils, rhizospheres, and roots, respec-
tively. The resulting ITS2 amplicon libraries produced on average approximately 44,848, 26,598, and
23,158 reads per sample for soils, rhizospheres, and roots, respectively. The sequencing depth was mod-
erate across most samples, where read depth ranged between 4,826 and 146,220 and between 2,006
and 117,597 for the 16S and ITS2 amplicon libraries, respectively. The resulting read data were processed
with the custom pipeline iTagger from the Joint Genome Institute in Qiime2, as detailed by Deng et al.
(140). To remove low-abundance OTUs that are, in many cases, artifacts generated through the sequenc-
ing process, we removed OTUs without at least four reads in at least three samples. We also removed
samples that had fewer than 10,000 bacterial and fungal reads, which yielded 3,155 bacterial and 454
fungal high-abundance OTUs for downstream analyses. To account for differences in sequencing read
depth across samples, all samples were rarefied to 10,000 reads per sample for specific analyses.

RNA extraction and library preparation. For the summer 2017 field season, we collected soil and
rhizosphere samples from one plant per treatment per block (three plants per treatment, for 12 rhizo-
sphere and 12 soil samples in all) for metatranscriptomic analysis. Samples were harvested just before
flowering (the second growth stage with panicle formation, 38 days after transplanting) to determine
what microbial processes are ongoing close to a critical period for grain production (60). Soil and rhizo-
sphere samples were flash frozen with liquid nitrogen and stored on dry ice.

RNA from samples was extracted and cDNA synthesized using the PowerMax soil DNA isolation kit
for RNA extraction, as the MoBio PowerMax (catalog no. 12988-10) and PowerSoil kit use the same silica
membrane, with a modified protocol provided by MoBio, as detailed previously (141). The resultant RNA
was washed with 70% ethanol and resuspended in 100ml of RNase-free H2O, and the remaining DNA
digested using a DNase Max kit (Qiagen, catalog no. 15200-50), according to the manufacturer’s proto-
col. RNA was purified using an RNeasy PowerClean Pro Cleanup kit (MoBio), and rRNA from bacteria was
removed with a Ribo-Zero rRNA removal kit (Bacteria, Illumina, catalog no. MRZB12424) according to the
manufacturers’ instructions. The concentration and quality were then assessed using a Qubit 3 fluorome-
ter (Invitrogen, Carlsbad, CA) and Agilent Bioanalyzer 2100 (Agilent, Santa Clara, CA), respectively.
Subsequently, a TruSeq Stranded Total RNA Library Prep Plant SetA kit (Illumina, catalog no. 20020610)
was used, according to the manufacturer’s instructions, to make 300- to 500-bp fragment libraries for
sequencing on the Illumina HiSeq4000 platform with 150-bp paired end reads at the QB3 Vincent J.
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Coates Genomics Sequencing Laboratory. Returned reads were assembled with Trinity and then submit-
ted to Integrated Microbial Genomes & Microbiomes at the Joint Genome Institute for annotation and
taxonomic assignment (pipeline, version 4.16.5 [137]).

Metatranscriptome sequence data processing. The metatranscriptome data analysis pipeline is
detailed in reference 141 and read statistics, sequencing depth, rRNA and tRNA contamination levels
from archaea, bacteria, and eukaryotes are reported in Table S6 in the supplemental material. In brief,
we performed a quality control of raw fastq data with the software FastQC (https://www.bioinformatics
.babraham.ac.uk/projects/fastqc/) and then cut sequencing adaptors and removed short reads that were
less than 35bp, as well as reads with more than three Ns (flags: -q 15,15 -m 35 –max-n 3), with
CUTADAPT, version 1.9 (142). The remaining reads were compared to the Silva and Rfam database for
identification of rRNA (18S, 28S, 16S, 23S, 5.8S, 12S, and 5S) and tRNA, which were removed with BBmap
(v35.34; sourceforge.net/projects/bbmap/). All remaining clean mRNA reads from all of our data sets
were combined with MEGAHIT (version 1.1.1) with odd numbered k-mers from length 21 to 99 (Li et al.,
2015). Contig coverage was determined by mapping the initial unassembled reads to the combined
assembled contigs using BBMap, where the pileup.sh script (BBMap) was used to calculate contig-wise
average coverage. The assembled contigs with lengths of $200 bp and a covered percentage of $50%
were submitted to JGI IMG (https://img.jgi.doe.gov) for gene calling, functional annotation, and taxon-
omy assignment, as described previously (143). In brief, the IMG pipeline performs an additional quality
control and protein-coding genes are identified using a consensus of four different ab initio gene predic-
tion tools: prokaryotic GeneMark.hmm 265 (v2.8) (144), MetaGeneAnnotator (v.Aug 2008) (145), Prodigal
(v.2.6.2) (146), and FragGeneScan (v.1.16) (147). The predictions from all tools are combined, and pro-
tein-coding genes with translations shorter than 32 amino acids are deleted. Functional annotation of
associated protein-coding genes is performed with COGs, Pfams, KO terms, EC numbers, and phyloge-
netic lineage for contigs (148). For phylogenetic lineage analysis, the best hit for genes with .30% iden-
tity to a defined taxonomic lineage was picked for further analysis (this threshold permitted classification
of ;63.7% of all genes). Genes classified as belonging to either bacteria or fungi were picked manually
and used for relative abundance calculations in R. Of the assembled reads assigned taxonomy (51%) in
our data set, 48.47% are from bacteria, 48.33% from eukaryota (25% from Fungi alone), 2.30% from arch-
aea, and 0.89% from viruses. The relative gene expression levels were determined by counting the num-
ber of reads that were assigned to a particular protein-encoding gene. The relative gene expression was
then quantified for each taxon. Normalization was obtained by dividing each gene count by the total
mRNA read count of each data set. For taxonomy assignment based on the core gene set, we calculated
relative abundances based only on the abundances of nine core genes (gyrA, recA, rpoB, rpoA, gyrB, gap,
rho, ftsZ, and secA) commonly represented across a large percentage of bacterial lineages from the IMG
Bacterial Database. Since MEGAHIT does not report the specific reads incorporated into the assembled
contigs, we used BBMap to map the mRNA reads back to contigs to calculate the percentage of reads
assembled per sample (bbwrap.sh with flags: kfilter = 22 subfilter = 15 maxindel = 80). Kallisto (https://
pachterlab.github.io/kallisto/) was used to map the high-quality mRNA reads per sample to these IMG-
derived gene sequences to provide a per-gene coverage estimate with “sequence-based bias correction”
and “strand specific reads, first read reverse” flags. The raw gene counts table was passed to edgeR (149)
to perform the normalization by calcNormFactors function with the TMM method (150) and to calculate
which genes were differentially expressed with quasi-likelihood F tests (P# 0.05). Hypergeometric tests
were used to calculate the enrichment of functional categories and subcategories (P# 0.05).

Data availability. All raw sequences are deposited in Sequence Read Archive with the accession
codes PRJNA683037 and PRJNA682819, and all scripts used for the statistical analysis of data in the
manuscript are included as part of a public repository on GitHub (https://github.com/colemanderr-lab/
Wipf-2020/tree/main/Agricultural-Management-Practices). In addition, an assembly of the metatranscrip-
tome can be accessed and downloaded via IMG/MER (https://img.jgi.doe.gov/cgi-bin/m/main.cgi) using
the IMG ID 3300029287.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 5.1 MB.
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