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Abstract: Perennial bioenergy crops may enhance microbial community structures due to their extensive
root system compared to annual crops. However, the long-term effect of perennial bioenergy crops
receiving different N fertilization rates on microbial community structures is not well defined. We
evaluated the 11-year effect of perennial bioenergy crops with various N fertilization rates as well as
an annual crop with the recommended N rate on soil microbial properties in 2019 and 2020 in the US
northern Great Plains. Perennial grasses were intermediate wheatgrass, ING (Thinopyrum intermedium
[Host] Barkworth and Dewey), and switchgrass, SG (Panicum virgatum L.), with N fertilization rates of
0,28, 56, and 84 kg N ha~!, and the annual crop was spring wheat, WH (Triticum aestivum, L.) with
80 kg N ha~!. The total fungal phospholipid fatty acid (PLFA) proportion and fungal /bacterial ratio
were significantly lower under annual spring wheat than perennial grass (SG). Increased N fertilization
rate linearly increased Gram-positive bacterial PLFA proportions and the Gram-positive/Gram-negative
bacterial ratio for IWG in 2020 but decreased the PLFA proportions of arbuscular mycorrhizal fungi
(AMEF) for both perennial bioenergy crops in all years. The proportions of AMF neutral lipid fatty acid
and Gram-negative bacterial PLFA were greater for SG (0.432 and 0.271, respectively) than IWG (0.339
and 0.258, respectively), but actinomycetes and the Gram-positive/Gram-negative bacterial ratio were
greater for IWG (0.160 and 1.532, respectively) compared to SG (0.152 and 1.437, respectively). Microbial
community structures varied with perennial bioenergy crops, N fertilization rates, and perennial vs.
annual crops. This study showed how perennial crops favored fungal growth and how annual crops
enhanced bacterial growth impacting soil biological health.

Keywords: arbuscular mycorrhizal fungi; intermediate wheatgrass; neutral lipid fatty acid; phospholipid
fatty acid; switchgrass; spring wheat

1. Introduction

Perennial bioenergy crops have been known to be an important alternative source of
energy other than fossil fuels due to their ligno-cellulosic feedstock materials [1]. Perennial
bioenergy crops provide a range of ecosystem services, such as reduced soil erosion and
greenhouse gas emission emissions, increased retention of nutrients in the soil, enhanced
biodiversity, greater water infiltration and water holding capacity of the soil, improved soil
stabilization and aggregation, lower soil disturbance, and improved soil biological health
due to enhanced soil microbial activity and communities compared to annual crops [2-5].
Improving soil properties through extensive root systems from plants has generated increased
interest in cultivating perennial grasses compared to annual crops because carbon (C) and
nitrogen (N) inputs from roots provide energy and substrate for enhanced microbial activity
and structure [6].

Perennial grasses such as switchgrass (SG) and intermediate wheatgrass IWG) are
widely used for soil conservation and forage production in the northern Great Plains (NGP),
USA. SG has been considered an important bioenergy crop in the NGP due to its increased
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longevity [7], enhanced biomass production [8], increased soil C sequestration [9,10], and
significant net energy benefits compared to other perennial bioenergy crops [11]. In contrast,
IWG can produce greater root biomass C and N than switchgrass, leading to increased
C sequestration in the soil to a greater depth [10]. Perennial bioenergy crops can also
sequester more C and N at the surface layers than an annual crop in the semiarid region of
the US NGP [10].

The importance of examining relationships between soil microbial community struc-
ture and soil health and quality in perennial vs. annual crop species has been largely
unexplored [12,13]. Because of the important ecosystem functions mediated by microor-
ganisms in the soil (including organic matter decomposition, nutrient transformations,
the stabilization of soil organic C, and soil aggregation), any changes in soil microbial
community structure due to cropping system and N fertilization may affect microbial
function and C and N dynamics [14]. A study by [15] showed that IWG produced distinct
soil microbial communities, with enhanced fungal lipid biomarkers compared to annual
spring wheat.

Inorganic N fertilization to crops not only improves yield but also affects the soil’s
physical, chemical, and biological properties, thereby influencing soil health [16]. Ref. [17]
found that N fertilization decreased soil microbial biomass compared to no N fertilization,
but [4] showed a significant increase in total PLFA content, total bacterial and fungal
content, actinomycetes, and Gram-positive and Gram-negative bacterial PLFAs under
switchgrass with 56-112 kg N ha~! compared to 0 kg N ha~!. Perennial grasses can remove
more soil N than annual crops, although they require lower N fertilization rates to produce
sustainable biomass [18]. Long-term studies by [19] demonstrated that Gram-positive
bacteria tended to increase with increased N fertilization rate, but [20] observed that an
increased N fertilization rate reduced AMF abundance. Soil N availability is an important
determinant factor for the growth of microbial communities [14].

More information is needed on how perennial crops impact soil biological health
and how these differ from annual crops as perennial crop species differ in root biomass
production and produce more root biomass than annual crops [2], and roots provide
C and N substrates to microorganisms [21,22]. Furthermore, increased N availability
from increased N fertilization rates can affect microbial community structure. This can
alter aboveground biomass production and quality. We hypothesized that (1) perennial
bioenergy crops with various N fertilization rates would have variable effects on soil
microbial communities and (2) perennial bioenergy crops would have a greater microbial
community structure than an annual crop. The objectives of this study were to examine
(1) how perennial bioenergy crops and N fertilization rates affect the abundance of soil
microbial communities and biomass production and (2) how microbial communities vary
between perennial and annual crops.

2. Materials and Methods
2.1. Study Site

A long-term field study (2009-2020) was carried out at the USDA-Agricultural Re-
search Service’s dryland field site located approximately 11 km north of Culbertson,
MT [2,3]. The soil at the research site was classified as Williams loam (fine-loamy, mixed,
superactive, frigid, Typic Argiustoll) with 660 g kg ! of sand, 180 g kg ! of silt, 160 g kg ~*
of clay, 10.1 g kg ! of soil organic C, a 7.2 pH, and a 1.27 Mg m~2 bulk density at 0-15 cm.
Perennial grasses were planted on 5% sloping land where no-till continuous spring wheat
was grown for 5 years before the experiment was initiated. The mean annual air tempera-
ture is 8 °C and annual precipitation is 341 mm, 80% of which occurs during the perennial
bioenergy crop-growing season (April to October).

Treatments included one cool-season perennial bioenergy crop (IWG) and one warm-
season crop (SG) that received four N fertilization rates (0, 28, 56, and 84 kg N ha~1). The
annual crop was spring wheat (WH), which received 80 kg N ha~!. In late April 2009, IWG
and SG were seeded at 17 kg ha~! each and WH at 71 kg ha~! with a no-till drill at 20 cm
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spacing. For ING and SG, plots were tilled with a field cultivator at planting for enhanced
establishment of the crops, after which no further tillage operation was conducted. However,
WH was grown in the no-till condition. Perennial bioenergy crops were planted only once in
2009, but WH was planted in late April every year. At planting, a one-time application of P
as monoammonium phosphate (11% N, 23% P) at 64 kg P ha~! was broadcast, which also
supplied N at 31 kg N ha~! to perennial bioenergy crops. No K fertilizer was applied because
the soil test showed high K content. Nitrogen fertilizer as urea (46% N) was broadcast in late
April every year for perennial bioenergy crops. At the same time, spring wheat received N, P,
and K fertilizers at 80 kg N ha~!, 11 kg P ha~!, and 27 kg K ha~! from urea, monoammonium
phosphate, and muriate of potash (54% K), respectively, as a banded application 5 cm below
and 5 cm to the side of the seed every year [10]. Crops were grown under dryland conditions
without irrigation. Perennial bioenergy crops were not treated with herbicides and pesticides,
but spring wheat received them to control weeds and pests.

Perennial bioenergy crops were harvested by cutting the aboveground biomass at 5 cm
above the ground once per year from two 0.5 m? areas using a sickle. The biomass was
composited by treatment and a sample was oven-dried at 65 °C for 3 d to determine the
biomass yield. Because of poor growth, aboveground biomass for ING was not measured
in 2020. For WH, only grain was harvested with a combine harvester leaving the crop
residue in the field. A sample of grain was oven-dried at 65 °C for 7 d and grain yield was
determined. Treatments were laid out in a split-plot design in randomized blocks with
three replications. The perennial bioenergy crop was the main plot and the N fertilization
rate was the split-plot treatment. The plot size was 12.3 x 30.5 m for the main plot and
3.1 x 30.5 m for the split plot.

The daily air temperature was greater in the summer and lower in the winter (Figure 1). A
maximum air temperature of 27 °C occurred in August 2020 and a minimum of —31 °C occurred
in February 2019. The total precipitation during the 2019 cropping season was characterized by
above-average precipitation during June, August, and September. However, total precipitation
during the 2020 cropping season was lower than the 30 yr average, marked by unusually dry
periods in April, August, and September. Growing season precipitation (April-October) was
101 mm above the average in 2019 but was 134 mm below the average in 2020.
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Figure 1. Daily air temperature and precipitation from January 2019 to December 2020 at the study
site. The upper-case letter in the x-axis denotes months.
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2.2. Soil Sampling

In November 2019 and 2020, soil samples were collected from five locations randomly
within a plot to a depth of 20 cm using a 3 cm diameter probe and composited. The soil
was placed in a cooler with dry ice and transported to the laboratory where a portion of the
sample was stored at —20 °C for the analysis of microbial properties. The other portion
was air-dried and ground to 2 mm for chemical analysis.

2.3. Soil Analysis for Phospholipid Fatty Acid and Neutral Lipid Fatty Acid

Microbial community composition was measured using the phospholipid fatty acid
(PLFA) analysis following the method reported by [23]. Briefly, soil samples were extracted
using a phosphate buffer in the Bligh—-Dyer extraction. Lipid classes were separated by
solid-phase extraction (SPE) using a 96-well SPE plate containing 50 mg of silica per well
(Phenomenex, Torrance, CA, USA). The neutral lipid fatty acid (NLFA) and PLFA fractions
were trans-esterified to produce fatty acid methyl esters, which were analyzed by a gas
chromatograph using a flame ionization detector [23]. Fatty acids were identified using the
PLFAD1 method in the Sherlock software 6.5 (MIDI Inc., Newark, DE, USA). Data were
quantified using the internal standard 19:0 and the program PLFA tools (MIDI). Fatty acids
were separated by biomarker groups: Gram-positive bacteria by the presence of iso and
anteiso saturated fatty acids; Gram-negative bacteria by monounsaturated fatty acids and
cyclopropyl 17:0 and 19:0; eukaryotes with polyunsaturated fatty acids; and actinomycetes
by 10-methyl fatty acids [24,25]. Fungi were identified and quantified using 18:2wé6c and
AMF with 16:1w5c [26]. The fungi/bacteria (F/B) ratio was calculated by dividing the sum
of the fungal fatty acid markers by the sum of the bacterial fatty acid markers [26]. The
PLFA and NLFA with biomarker 16:1w5C have been shown to be a good indicator for AMF
active biomass and stored energy, respectively [27].

Soil chemical analyses were performed at Ward Laboratories, Kearney, NE, USA. Briefly,
soil pH was measured on a 1:1 (w/v) soil-to-water ratio using a pH meter; organic matter
concentration using the loss on ignition method; N-NO3™~ concentration using an auto-
analyzer after extracting the soil with 2M KCl solution; K, Ca, Mg, Na concentrations using the
atomic absorption spectrometry after extracting the soil with NH;OAC; and P concentration
using a colorimeter after extracting the soil with the Mehlich-3 solution. The cation exchange
capacity (CEC) was calculated by summing the concentrations of Ca, Mg, K, and Na. The
base saturation for each cation was calculated by dividing the concentration of each cation by
the sum of all basic cations. Soil chemical properties were measured only in 2020.

2.4. Statistical Data Analysis

Fatty acids were summed into biomarker groups [23]. A multivariate analysis (canon-
ical analysis) was used to compare soil microbial communities in different years. Mul-
tivariate analysis on the relative area of each biomarker was used to identify the linear
combination of variables (referred to as canonical variates) that best separated soil microbial
community structures for different perennial bioenergy crops. The canonical variates were
graphed to summarize group differences [28].

Soil chemical and microbial data were analyzed using the MIXED procedure of SAS [29].
The perennial bioenergy crop was considered as the main plot and the N fertilization rate
as the split-plot treatment for data analysis. Fixed effects were perennial bioenergy crop,
N fertilization rate, year, and their interactions and random effects were replication and
replication X perennial bioenergy crop. Because the N fertilization rate was a quantitative
variable, regression analysis was used to determine the relationship between N fertilization
rate and soil chemical and microbial properties. For comparing microbial properties for
perennial vs. annual crops, data for ING and SG with 84 kg N ha~! and spring wheat
with 80 kg N ha~! were analyzed separately using the MIXED procedure after considering
perennial bioenergy crop, year, and their interaction as the fixed effect and replication as
the random effect. It was assumed that the N fertilization rate (84 kg N ha~! for perennial
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bioenergy crops and 80 kg N ha~! for spring wheat) would have a similar effect on soil
microbial properties. Statistical significance was performed at p < 0.05 level.

3. Results
3.1. Aboveground Biomass

Aboveground biomass was significantly greater for SG than IWG at all N fertilization
rates in 2019 (Figure 2). Aboveground biomass was also greater for 84 than 0 kg N ha~!
in 2019 and greater for 84 than 56 and 0 kg N ha~! in 2020. Nitrogen fertilization had no
effect on aboveground biomass for IWG in 2019. In 2020, aboveground biomass for IWG
was not measured because of poor growth.
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Figure 2. Aboveground biomass of perennial bioenergy crops as affected by N fertilization rate in
2019 and 2020. Perennial bioenergy crops are SG, switchgrass, and IWG, intermediate wheatgrass,
measured in 2019 and 2020. Different letters indicate significant differences (p < 0.05). Error bars
indicate standard error.

3.2. Soil Chemical Properties

Perennial cover crop affected K concentration and K base saturation (Table 1). Both K
concentration and K base saturation were greater for IWG than SG. The nitrogen fertilization
rate affected pH, electrical conductivity (EC), K, Ca, Mg, and P concentrations, CEC, and
base saturations of K, Ca, and Mg where the linear response of the N fertilization rate was
significant. The perennial bioenergy crop x N fertilization rate interaction was significant
for P concentration where the linear response of the N fertilization rate was significant. As
the N fertilization rate increased from 0 to 84 kg N kg~!, pH and concentrations and base
saturations of Ca, Mg, and K decreased, but CEC increased (Figures 3 and 4). Phosphorus
concentration increased with the increased N fertilization rate for IWG, but N fertilization
has no effect on P concentration for SG (Figure 4).
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& WG ¥=-0.0054x+ 55167, R* =0.8505,P=0.07)[ 14 |msG y=0.0336x+ 10829, R* = 0.8087, P = 0,
3z -7
i 13.5 POl
5.8 “re L 13 A
TeA F12s -
T 56 u g -
CRE ™ By 3 12 =
=] ™ -
g 54 g 115
52 e von
- R 10.5
5 " 10
0 28 56 84 0 28 56 84
N-Fertilization rate (kg N ha) N fertilization rate (kg N ha')

Figure 3. Relationship between N fertilization rate and (a) soil pH and (b) CEC under perennial
bioenergy crops.
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Table 1. Analysis of variance for soil chemical properties with sources of variation from perennial
bioenergy crop (G) and N fertilization rate (R). Ry, and Rg denote linear and quadratic responses,
respectively, of parameters to N fertilization rate in 2020.

Perennial Mg
. N- K Base Ca Base
Bioen- pH SOM EC NO; ™~ K Conc. Ca Mg Na P Conc. CEC Satura- Satura- Base
ergy Conc. Conc. Conc. Conc. tion tion Sa_tura-
Crop 2 tion
-1 mg N mg K mg Ca mg Mg mg Na mg P cmol, o o o
gkg kg! kgt kg! kg! kgt kg kg! o o o
WG 549 2.61 0.08 3.71 295a b 796 226 21.5 40.6 12.3 6.12a 32.8 15.8
SG 5.26 2.55 0.09 8.03 241b 691 209 17.9 53.8 12.1 5.18b 29.0 14.5
Significance p values
G 0.07 0.54 0.33 0.19 0.01 0.09 0.29 0.62 0.063 0.62 0.05 0.09 0.19
R <0.001 0.07 0.02 043 0.01 0.03 <0.001 0.74 0.010 <0.001 <0.001 <0.002 <0.001
G xR 0.17 0.33 041 0.87 0.53 0.25 0.32 0.26 0.037 0.52 0.71 0.11 0.10
RL <0.001 0.19 0.003 0.16 0.001 <0.005 <0.001 0.68 0.003 <0.001 <0.001 <0.001 <0.001
Rg 0.46 0.02 0.34 0.45 0.58 0.37 0.82 0.37 0.084 0.08 0.79 0.78 0.70
G xRy <0.001 0.16 0.17 0.15 0.08 0.001 <0.001 0.11 0.004 <0.001 <0.001 <0.001 <0.001
G X Rg 0.60 0.10 0.23 0.58 0.29 0.79 0.70 0.85 0.634 0.51 0.45 0.74 0.68

@ Perennial grasses are ING, intermediate wheatgrass, and SG, switchgrass. b Numbers followed by different
letters within a column in a set are significantly different at p < 0.05.

a 900 AIWG y =.2.87x + 876.07, R* = 0.9886, P = 0.005 p 270 AIWG ¥ =-0.853x + 250.68, R* = 0.9679, P = 0.01
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Figure 4. Relationship between N fertilization rate and (a) soil Ca and (b) Mg concentrations and
(c) Mehlich-3 phosphorus (M-3 P) under perennial bioenergy crops.

3.3. Microbial Community Composition

The AMF NLFA proportion varied among perennial biomass crops, N rates, and years,
with a significant quadratic response of N rate (Table 2). Averaged across N fertilization
rates and years, AMF NLFA was greater for SG than IWG. Averaged across perennial
bioenergy crops and N fertilization rates, AMF NLFA was greater in 2019 than in 2020. The
AMEF PLFA proportion was influenced by N rate (linear response) and year, with a signifi-
cant interaction for perennial biomass crop x year. As the N fertilization rate increased
from 0 to 84 kg N ha~!, AMF PLFA, averaged across years, decreased for ING and SG
(Figure 5). Gram-negative bacterial proportion varied with perennial bioenergy crops and
years (Table 2). Averaged across N fertilization rates and years, Gram-negative bacteria was
greater for SG than IWG. Averaged across perennial bioenergy crops and N fertilization
rates, Gram-negative bacteria was greater in 2020 than in 2019. The fungal proportion was
influenced by N fertilization rate (linear response) and year (Table 2). Averaged across
perennial bioenergy crops and N fertilization rates, the fungal population was greater in
2020 than in 2019. Averaged across perennial bioenergy crops and years, an increased N fer-
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tilization rate increased the fungal population (Table 2). Gram-positive bacterial proportion
also varied by N fertilization rate (linear response) and year. Averaged across perennial
bioenergy crops and N fertilization rates, Gram-positive bacteria was greater in 2019 than
in 2020. Averaged across perennial bioenergy crops and years, increased N fertilization
rate increased the Gram-positive bacterial population (Figure 6). Actinomycetes” popula-
tion was influenced by year, with a significant interaction between perennial bioenergy
crops and year (Table 3). The fungal/bacterial (F/B) ratio was not affected by treatments
and their interactions. The Gram-positive/Gram-negative bacterial ratio was affected by
perennial bioenergy crop, N fertilization rate (linear response), and year. Averaged across
N fertilization rates and years, the Gram-positive/Gram-negative ratio was greater for
IWG than SG. Averaged across perennial bioenergy crops and N fertilization rates, the ratio
was greater in 2019 than in 2020. Averaged across perennial bioenergy crops and years,
increased N fertilization rate increased the ratio (Figure 6).

Table 2. Microbial community compositions averaged across N fertilization rates as affected by
perennial bioenergy crops and year. Ry, and Rg denote linear and quadratic responses, respectively,
of parameters for N fertilization rate.

Parameter NAII};}; I‘?Ii\lg[i g::?elria Fungi ]?a r;:;i: Actinomycetes  F/B G+/G—
Grass ?
IWG 0.339b P 0.052 0.258b 0.089 0.392 0.160a 0.174 1.532a
SG 0.432a 0.054 0.271a 0.088 0.387 0.152b 0.176 1.437b
Year
2019 0.445a 0.055a 0.256b 0.084b 0.395a 0.163a 0.171 1.549a
2020 0.326b 0.051b 0.272a 0.094a 0.384b 0.149b 0.179 1.420b
Significance p values
Grass (G) 0.012 0.323 0.008 0.842 0.300 0.052 0.689 0.021
Rate (R) 0.046 <0.0001 0.254 0.029 0.001 0.717 0.567 0.019
Year (Y) 0.001 0.010 0.001 0.032 0.040 0.0002 0.201 0.002
G xR 0.731 0.990 0.966 0.547 0.425 0.890 0.436 0.807
GxY 0.476 <0.0001 0.323 0.101 0.284 0.003 0.991 0.677
RxY 0.819 0.124 0.841 0.675 0.052 0.837 0.371 0.371
GxRxY 0.176 0.702 0.987 0.118 0.140 0.060 0.097 0.634
Rp 0.274 <0.0001 0.197 0.005 0.0002 0.854 0.784 0.004
Rg 0.010 0.504 0.505 0.783 0.602 0.411 0.560 0.909
G x Rp 0.159 <0.0001 0.302 0.069 0.0002 0.886 0.670 0.007
G x Rg 0.090 0.608 0.605 0.675 0.784 0.434 0.824 0.860

@ Perennial grasses are ING, intermediate wheatgrass, and SG, switchgrass. b Numbers followed by different
letters within a column in a set are significantly different at p < 0.05.

N-fertilization rate (Kg N ha'l)
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Figure 5. Relationship between N fertilization rate and AMF PLFA proportion under perennial

bioenergy crops in 2019 and 2020.
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Figure 6. Relationship between N fertilization rate and Gram-positive bacterial proportion under
perennial bioenergy crops in 2019 and 2020. Perennial bioenergy crops are IWG, intermediate
wheatgrass, and SG, switchgrass.

Table 3. Structural matrix (pooled with canonical structure) and function at group centroid of
perennial bioenergy crops at different N fertilization rates.

Parameter 2019 2020
cvi? Ccv2a Cvi Ccv2
AMF 0.16 0.41 0.15 0.12
Gram-negative bacteria 0.18 0.41 0.03 0.14
Eukaryotes 0.20 0.45 0.13 0.12
Fungi 0.19 041 —0.03 0.16
Gram-positive bacteria 0.18 0.40 —0.001 0.15
Actinomycetes 0.18 0.40 0.01 0.20
Group centroids
gie;:r?;g}ll N fertilization rate
-1
cop b (kg Nha™")
WG 0 —1.43 —0.06 0.41 0.50
28 —-1.10 —0.55 —0.37 —0.05
56 1.09 —1.59 —1.18 —0.70
84 0.60 —0.96 —2.37 —0.89
SG 0 —1.86 0.80 3.03 —0.88
28 0.42 —0.06 1.01 —0.03
56 1.40 1.92 —-0.13 1.27
84 0.88 0.50 —0.40 0.79

2 Canonical variate. ® Perennial bioenergy crops are IWG, intermediate wheatgrass, and SG, switchgrass.

When perennial vs. annual crops were compared in 2019, the Gram-positive bacterial
proportion was greater for WH than IWG and SG (Table 4). Actinomycetes’ PLFA propor-
tion was greater for ING than SG. The total fungal proportion and F/B ratio were greater
for SG than WH, but total bacterial proportions and the Gram-positive/Gram-negative
bacterial ratio were greater for WH than SG. There was no effect of the crop on AMF-NLFA,
Gram-positive bacterial, AMF, and saprophytic fungal PLFA proportions.
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Table 4. Neutral lipid fatty acid and phospholipid fatty acid of arbuscular mycorrhizal fungi (AMF-NLFA
and AMF-PLFA, respectively), Gram-negative bacteria, fungi, Gram-positive bacteria, actinomycetes,
fungi/bacteria ratio (F/B), and Gram-positive/Gram-negative bacteria ratio (G+/G—) averaged across
N fertilization rates as affected by perennial bioenergy crops and annual crop in 2019.

AMF

AMF

Gram — Gram + Total Total

a . . .
Crop NLFA PLFA Bacteria Fungi Bacteria Actinomycetes Fungi Bacteria /B G+G
IWG 0.381 0.054 0.245 0.082 0.400b b 0.171a 0.137ab 0.818ab  0.169ab  1.640ab
SG 0.409 0.045 0.265 0.111 0.388b 0.145b 0.157a 0.801b 0.196a 1.472b
WH 0.282 0.047 0.248 0.068 0.435a 0.154ab 0.115b 0.841a 0.137b 0.176a

2 Perennial bioenergy crops are IWG, intermediate wheatgrass, and SG, switchgrass. Annual crop is spring wheat,
WH. Perennial bioenergy crops received N fertilization rate at 84 kg N ha~!, and annual crop (spring wheat)
received N fertilization rate at 80 kg N ha~!. ® Numbers followed by different letters within column in set are
significantly different at p < 0.05.

3.4. Microbial Community Structure

Canonical multivariate analysis indicates that soil microbial community structure be-
tween perennial bioenergy crops with different N fertilization rates were grouped together
by similar treatments (Figure 7). In 2019, soil microbial communities in ING and SG with or
without N application were distinct from each other. In 2020, microbial communities in only
SG with 0 kg N ha~! were different from other treatments. In 2019, fungi and AMF as well
as Gram-negative bacteria and actinomycetes were positively related. In contrast, AMF and
actinomycetes as well as fungi and Gram-positive bacteria were negatively related. There was
no relationship between Gram-positive bacteria and actinomycetes or Gram-positive bacteria
and AMEF. In 2020, there was a positive relationship between fungi and AME, but negative
relationships occurred between Gram-negative and Gram-positive bacteria as well as between
Actinomycetes and Gram-positive bacteria. However, there were no relationships between
AMF and actinomycetes and between Gram-negative bacteria and actinomycetes.

Camouleal Variate 1

F WSGI  WSGIS  MSEGSE o SGE4 60
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Figure 7. Canonical multivariate analysis of variance of phospholipid fatty acid biomarkers for
perennial bioenergy crops at different N fertilization rates in 2019 and 2020. Perennial bioenergy crops
are IWG, intermediate wheatgrass, and SG, switchgrass. Vectors represent standardized canonical
coefficients and indicate relative contribution of each biomarker group to each canonical variate.
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The ability of the discriminant function to differentiate between perennial bioenergy
crops with different N fertilization rates was found to be significant (p < 0.05) (Table 3). In
2019, canonical variate 1 discriminated the IWG and SG at 0 and 28 kg N ha~! fertilization,
but not at 56 and 84 kg N ha~!. Canonical variate 2 differentiated IWG with N fertilization
vs. SG with or without N fertilization. In 2020, canonical variate 1 discriminated IWG
without a N rate vs. IWG with a N rate and SG with 0 and 28 versus SG with 56 and
84 kg N ha~!. The canonical variate 2 discriminated 0 kg N ha~! vs. 54 and 86 kg N ha~!
for both ING and SG.

4. Discussion

Different cropping systems, including various biofuel crops, can select diverse popula-
tions of bacteria and fungi, which in turn have differing capabilities to utilize substrates
and withstand stresses [30]. For instance, Gram-positive bacteria including actinomycetes
tend to correlate with SOM ([31] and are associated with lower availability of organic C
substrates, and Gram-negative bacteria and fungi strongly depend on the input of fresh
organic materials [32] provided by plant litter and other similar sources [33]. Our study
observed a greater actinomycetes population (0.160) and the Gram-positive/Gram-negative
ratio (1.532) for ING than SG (0.152 and 1.437, respectively) (Table 2) because they grow
normally under nutrient-limited conditions. In contrast, the greater AMF NLFA (0.432) and
Gram-negative bacteria (0.271) for SG than IWG (0.339 and 0.258, respectively) indicates
that these microorganisms are probably associated with the presence of plants and/or
litter. In [34], using the same experiment, the authors reported greater total C input and
lower CO; flux under SG, retaining more C in plant residues and soil than other perennial
bioenergy crops such as IWG. Increased soil water availability due to greater precipitation
in 2019 than in 2020 (Figure 1) may have stimulated the growth of AMF NLFA, AMF PLFA,
Gram-positive bacteria, actinomycetes, and the Gram-positive/Gram-negative bacterial
ratio (Table 2). It may be possible that increased soil water availability also enhances organic
matter mineralization that promotes nutrient substrate availability, thereby further enhanc-
ing microbial growth. Increased precipitation improves the proliferation of soil microbial
life by stimulating plant growth due to enhanced soil organic matter mineralization [35].

Increased Gram-positive bacteria with increased N fertilization (Figure 6) was prob-
ably a result of enhanced N substrate availability due to the N fertilization rate. Several
researchers [19,36] have reported greater Gram-positive bacteria with increased N fertiliza-
tion rates. Similarly, the greater Gram-positive /Gram-negative bacterial ratio (Figure 6)
with an increased N fertilization rate shows that Gram-positive bacteria responded more
favorably to N fertilization than Gram-negative bacteria, which did not respond to N
fertilization (Table 2). In contrast, the negative relationship between N fertilization and
AMF PLFA (Figure 4) was probably due to reduced soil pH that decreased the availability
of basic nutrients, such as Ca, Mg, and K. There were negative relationships between N
fertilization rate and soil pH, CEC, Ca, Mg, and K (Figures 3 and 4). Increased N fertil-
ization rate decreases soil pH and therefore the availability of basic cations [37]. Ref. [38]
showed that pH changes alone can greatly influence soil microbial community structure
changes. Studies have found no differences in soil microbial biomass after N fertilizer
with urea at rates of 20 and 130 kg N ha=! [39] and 90 kg N ha=! [40]. Although soil
microorganisms could use urea as N sources, they could also be inhibited due to the toxicity
of ammonia when urea was applied at high rates [41]. An increased N fertilization rate can
decrease the AMF population [42]. Nitrogen fertilization can either decrease soil microbial
biomass [17,43] or increase actinomycetes, Gram-positive bacteria, Gram-negative bacteria,
fungi, and AMF compared to no N fertilization [4].

The greater aboveground crop biomass yield for SG than IWG in 2019 (Figure 2) was
due to the cessation of IWG growth after 10 yrs while SG continuously grew. This was also
the case in 2020 where IWG rarely grew, and no biomass measurement was taken. Nitrogen
fertilization, however, increased crop biomass compared to no N fertilization for SG in both
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years due to increased N availability but had an effect on IWG in 2019. As a result, crop
biomass was related to none of the microbial parameters in either year.

The greater fungal and F/B ratio for SG than WH (Table 4) indicates that increased
root biomass and soil organic C enhanced the growth of fungi more than bacteria under
perennials than in annual crops. In [2,34], using the same experiment, the authors reported
greater root biomass and soil organic C stock for SG than WH. Due to the change in root
litter quality in the soil, Ref. [15] observed greater fungal lipid biomarkers under perennials
than in annual crops, reflecting more recalcitrant compounds in comparison to more readily
decomposable substrates which favor bacterial growth [44]. It has been shown that the
F/B ratio is linked to higher soil organic C and the stability of SOC in agroecosystems [45]
and that soil fungi may be a reliable indicator of increased soil C storage than bacteria [46].
Higher C retention in ecosystems with fungal-dominated soil communities than in soil
communities dominated by bacteria has been shown by several researchers [47,48]. There-
fore, promoting perennial crops that support fungal growth and a greater F/B ratio can
reduce SOC turnover and enhance sequestration [49]. In contrast, studies have also re-
ported greater Gram-positive bacteria and Gram-positive/Gram-negative bacterial ratios
in annual than perennial crops [31,50]. Similarly, our study observed greater Gram-positive
bacteria for WH than IWG and SG or greater total bacteria, and the Gram-positive/Gram-
negative ratio for WH than SG (Table 4) is likely due to the proliferation of Gram-positive
bacteria in the lower soil C environment.

5. Conclusions

Microbial communities responded variably to perennial bioenergy crops, N fertiliza-
tion rates, years, and annual vs. perennial crops. Actinomycetes and Gram-positive/Gram-
negative bacteria were better associated with ING, but AMF-NLFA and Gram-negative bac-
teria were associated with SG. Increased precipitation increased the growth of AME-NLFA,
AMF-PLFA, Gram-positive bacteria, actinomycetes, and the Gram-positive/Gram-negative
bacterial ratio, but Gram-negative bacteria and fungi dominated the microbial growth
during lower precipitation. An increased N fertilization rate enhanced Gram-positive bac-
teria and the Gram-positive/Gram-negative bacterial ratio but decreased AMEFE. Our study
observed greater fungal and F/B ratios under switchgrass and increased Gram-positive
bacteria and Gram-positive/Gram-negative bacterial ratios under spring wheat. These
results demonstrate that perennial crops favored fungal growth, but annual crops enhanced
bacterial growth.
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