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Abstract—Soil microbial communities are considered a prominent soil fertility component since they highly
influence soil processes. Despite the current challenges of soil fertility in Ethiopia, the biological properties
of soils have been rarely incorporated into soil management decisions and research. The present study
describes the bacterial community structure, pattern of soil microbial respiration (SMR), and their relation-
ship with soil physicochemical properties in selected arable soils from four sites, with Luvisols, Cambisols,
Vertisols, and Nitisols in the Tigray Regional State of Ethiopia. We employed amplicon sequencing and basal
respiration methods to investigate the bacterial community structure and microbial respiration rate, respec-
tively. SMR was higher in the Nitisol samples with a high amount of P,0Os, soil organic carbon (SOC), and
exchangeable Mg?". Amplicon sequencing results (400 bp/OTU reads) revealed that the bacterial community
was dominated by Actinobacteria, Chloroflexi, and Proteobacteria phyla. The highest ratio of Actinobacteria
was found in Vertisol, while that of Chloroflexi and Proteobacteria was detected in Luvisol and Nitisol, respec-
tively. Among the Alphaproteobacteria, order Rhizobiales (including Rhizobiaceae, Beijerinckiaceae, Xantho-
bacteraceae, Devosiaceae family) was the most abundant nitrogen-fixing bacteria in the soil samples. From the
known P-mobilizing and Indole Acetic Acid (IAA) bacteria, members of Bacillus and Pseudomonas were found
in low abundance (<1%). Overall, this study highlighted that P,O5;, SOC, and Mg?" probably influenced the
variations of bacterial community structure and SMR. The relatively low abundance of important plant growth
promoting bacteria (PGPB) in the investigated sites suggests the need for appropriate soil management practices
for better crop yield. We recognized that this study was preliminary research, and much work still needs to be
done to get a comprehensive view of the agrobacterial community structure and SMR of soils in the study area.
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INTRODUCTION

The land resource is the bases for survival and eco-
nomic development of agrarian society, like Ethiopia.
Agriculture has been the centerpiece of economic
growth and accounts for 90% of the export, 85% of
employment, and 47% of the GDP [71]. Despite its
vital role in overall economic development, Ethiopia’s
agricultural sector suffers from mismanagement and
unfavorable land-use practices leading to widespread
soil degradation. A decline in soil fertility has a huge
impact on crop yield and quality and, therefore, on
food security [64].

In recent years, the growing scientific recognition
of soil biota in soil fertility and land productivity has
led to renewed interest in soil biodiversity as a critical

component of a strategy towards agricultural sustain-
ability. The microbial fraction of the soil is a vital soil
fertility component since soil microbes positively
influence soil processes [56]. Bacteria and fungi play
crucial roles in litter decomposition processes, soil
aggregate formation, nutrient mobilization and uptake,
and degradation of pollutants [53]. Plant growth pro-
moting bacteria (PGPB) enhance plant growth by
producing numerous plant growth regulators, protect-
ing plants from phytopathogens, providing better
nutrient uptake, and increasing plant tolerance
towards drought and moisture stress [70]. Microbial
communities represent the living and active part of the
soil [40]. More than any other organisms, they are
highly adaptable to varying conditions and respond to
changes rapidly [60]. Usually, the change in soil
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microbial community activity is measured by basal
microbial respiration, the steady rate of respiration in
soil resulted from the mineralization of organic matter
by microbes [57]. Recently, the development of molec-
ular techniques based on DNA extraction from soil, fol-
lowed by gene sequencing, uncovered the enormous
abundance and diversity of soil microorganisms [51].
Among these techniques, next generation sequencing
has been considered a promising molecular method for
microbial community analysis [58] due to its precision
and high throughput capability [8]. It can be used to
examine microbial community structure and com-
munity dynamics in response to changes in different
environmental variables based on the variation in the
16S rRNA gene [49].

Vertisols, Nitisols, Cambisols, and Luvisols are
among the most common reference soil groups [29] in
Ethiopia’s agricultural landscapes [31]. Several
authors have described and characterized the chemi-
cal and physical properties [e.g., 1, 2, 68] and the
influence of land use change on those properties [42,
45] of the major soil groups of the country. Yet, the
biological properties have rarely been studied and
characterized. Very few studies have shown the effects
of land use type and soil properties on specific soil
microbes, for instance, arbuscular mycorrhizal fungi
[74] and symbiotic bacteria [11]. The most compre-
hensive study was conducted by Delelegn et al. [72].
They investigated soil microbial (bacteria and fungi)
diversity and community composition across five land
use systems in the Ethiopian highlands and found a
significant shift of microbial community due to land
use change from forest to agricultural dominated land.

In this study, we described, characterized [22] and
classified [29] selected arable soils in the Tigray
Regional State of Ethiopia and then examined bacte-
rial community structure and the pattern of soil
microbial respiration (SMR) across these soils. The
objectives were to i) investigate how SMR and bacte-
rial community structure shift in response to differ-
ent soil properties; ii) identify primary soil properties
that best predict the variation of bacterial community
structure and microbial respiration; iii) describe the
soil’s bacterial community and investigate the abun-
dance of bacteria, which are important from the crop
growing aspects, i.e., PGPB. Understanding the
microorganisms’ response to soil and environmental
parameters is crucial to crop productivity and the
long-term sustainability of soil in agricultural ecosys-
tems [60]. To our knowledge, this is the first attempt
to examine both the bacterial community structure
and microbial respiration of dominant agricultural
soils of Ethiopia. We hope that this study would gen-
erate baseline information that is important to sup-
port the development of management alternatives to
maximize and sustain soil functions in dominant
agricultural soils of Ethiopia.

WELDMICHAEL et al.

MATERIALS AND METHODS

Description of the study area. The study was con-
ducted in Laelay Maichew and Atsbi Wenberta districts.
Laelay Maichew district is geographically located at
longitude 13°55’53” E and latitude 38°12'19” N in the
central part of Tigray Regional State; one of the nine
Regional States of Ethiopia (Fig. 1). The district alti-
tude varies between 1842 and 2250 m. It is agro-eco-
logically classified in a semi-arid region and charac-
terized by a short rainy period. The average annual
rainfall ranges between 550—750 mm and the mean
minimum and maximum temperatures are 11.7 and
26.1°C, respectively [61]. The main World Reference
Base (WRB) reference soil groups are Cambisols on
undulating plains and rolling landforms; Leptosols on
hilly and steep to very steep lands; Vertisols on the flat
plateau plains; Luvisols on sloping (5—10%) to mod-
erately steep (15—30%) gradients. The land use is pre-
dominantly shrubland (44%), followed by cropland
(33%), and settlement area (8%). The farming system is
crop farming mixed with livestock husbandry. Teff
(Eragrostis tef (Zuccagni) Trotter) cultivation accounted
for most arable lands and followed by wheat (Triticum
aestivum L.) crop [23].

Atsbi Wenberta district is situated in the eastern
part of Tigray Regional State. Geographically, it is
bounded between 13°30'—13°45" N and 39°30°—39°45" E
(Fig. 1). The elevation of the district varies from 918 to
3069 m. 75% of the district is upper highlands (2600 m
or above), and only 25% is found in midlands
(between 1500 and 2600 m) and lowlands (below
1500 m) [14]. The district falls in the sub-tropical
agro-climatic zone and has an average daily tempera-
ture between 15 and 30°C, and the mean annual pre-
cipitation rate is about 529 mm. The district is
drought-prone with intense and short duration rain-
fall; hence, the soils are susceptible to erosion due to
high run-off. Lithic Leptosols are the predominant
soil types in the area [14]. General site description can
be found in Table 1.

Soil profile description and classification. Soil pro-
files were opened, characterized according to the
FAO [22] guidelines, and classified based on World
Reference Base for soil resources [29]. Soil sampling
locations and details of soil profiles description and
classification are presented in supplementary materi-
als. The sites represent four common soil reference
groups in Ethiopia: Luvisols, Cambisols, Vertisols,
and Nitisols. Nitisols are deep, well-drained, red trop-
ical soils with diffused boundary. They are character-
ized by a clay-rich ‘nitic’ subsurface horizon with
polyhedric, blocky structure elements with shiny ped.
Vertisols are heavy clay soils with a high proportion of
swelling clay that can swell and shrink in response to a
change in soil moisture. Luvisols have a characteristic
textural differentiation, with increasing clay content in
the subsoil. Cambisols are young soils with limited
pedogenetic changes. They underwent various pedo-
EURASIAN SOIL SCIENCE  Vol. 54
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Fig. 1. Location map showing Tigray region within Ethiopia and Laelay Maichew and Atsbi Wenberta districts within Tigray

region.

logical alterations that are enough to distinguish them
from other shallow soils such as Leptosols and Regosols
but not enough for the development of horizon needed
for the classification of other major groups [29].

Soil sampling. The soil sampling was carried out on
four agricultural fields that have been under cultiva-
tion of teff and wheat (Table 1). Soil samples were
taken after crop harvest. At each site, eight points
around the main soil profile with a 10 m radius were
designated as sampling points. Soil samples from a
depth of 0—25 cm were collected from these points,
compiled, and mixed thoroughly to make a composite
sample. From the composite sample, three subsam-
ples were taken for: a) physiochemical, b) SMR, ¢) soil
bacterial genomic analyses. Soil samples for microbial
respiration and DNA analyses were sieved on site
through a 2 mm sieve to remove stones, roots, macro-
fauna, litter materials and transported in icebox. Soil
samples for SMR stored in the fridge at 4°C while soils
for bacterial genomic analysis at —20°C until analyses
(for two weeks). During soil sampling and soil pro-
cessing, considerable care was taken to avoid contam-
ination between the samples by using gloves and
cleaning all equipment with 70% ethanol. Soils for
physicochemical analyses were air dried and sieved

Table 1. Descriptions of the study sites

through 2 mm mesh and stored in room temperature
until analyses. Except for the moisture content, all
analyses were conducted in the laboratory of the
Department of Soil Science, Hungarian University of
Agriculture and Life Sciences, Godoll§, Hungary.

Soil physicochemical measurements and determina-
tion of SMR. Soil pH was measured on soil suspended
in a solution of deionized water in 1 : 2.5 ratio (w/v)
using pH1100L meter (VWR International Ltd, USA)
[26]. Soil moisture content (SMC) was measured
gravimetrically at 105°C for 24 h with Hotbox Oven
(Sanyo Gallenkamp PLC, UK) [27]. Available nitro-

gen (NH,-N and NO;-N) was measured using Par-
nas-Wagner Apparatus (VIR Glass, Germany) [25].
Potassium (K,O) and phosphorus (P,0O5) were esti-
mated based on ammonium-lactate solution method
(AL method) using Jenway Flame Photometer
(Exacta Optech, Italy) and Jenway M6705 UV-VIS
Spectrophotometer (Exacta Optech, Italy), respec-
tively [25]. The Walkley-Black technique was used to
measure soil organic carbon (SOC) [10]. CaCO; con-
tent was determined by SCMS5 Scheibler Calcimeter
(Behr Labor Technik GmbH Diisseldorf, Germany)
[26]. Cation exchange capacity (CEC) and exchange-
able basic cations (Ca?*, Mg?", K*, and Na*) were

Site Crop Soil type (IUSS 2W001§l§ing Group WRB, Elevation, m | Topo-graphy | Slope, % | Soil texture
LMH-1 |Teff Vertic Luvisol (Aric, Clayic, Cutanic) 2074 GS 2 Clay
LMH-2 |Teff Dystric Rhodic Vertic Cambisol (Aric, 2070 GS 2 Clay

Clayic, Ochric)
LMH-10 | Teff Haplic Vertisol (Aric, Ochric) 2080 VGS Clay
ATS-3 ‘Wheat Luvic Ferrtic Nitisol (Aric, Ferric) 2757 S 5 Sandy clay

Very gentle sloping (VGS), gentle sloping (GS), sloping (S), Laclay Maichew (LMH), Atsbi Wenberta (ATS).
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extracted following the Mehlich method [6], and the
base cations were measured on ICP-OES Spectrome-
ter (HORIBA Jobin Yvon ACTIVA-M, USA). Humic
material (E,/E¢) was determined following the method
given by Page et al. [5] on Jenway M6705 UV-VIS
Spectrometer (Exacta Optech, Italy) [5]. All analyses
were performed in triplicates.

Determination of SMR. The analysis of SMR fol-
lowed the ISO 16072:2002(E) guideline [28] and
Cheng et al. [17] with minor modification. In short,
fifty grams of moist field soil was measured and placed
in an airtight jar with a suspended conical flask con-
taining 10 mL of 1.0 M NaOH. The jars were flushed
with clean air with low CO, content, tightly closed and
incubated at 22°C for ten days. After ten days, the con-
ical flask was removed and 1 mL BaCl, was added in
the NaOH solution to precipitate the trapped CO,.
Three drops of phenolphthalein were added and
titrated against 0.5 M HCI. The determination was
carried out in triplicates. Controls (triplicate flasks
without soil) were also prepared.

Bacterial genomic analysis. DNA isolation and puri-
fication. For extracting the total DNA, the method of
Hogfors-Ronnholm et al. [18] was carried out modi-
fied with sonication on ice for one minute and break
the slurry in 50 mL falcon tubes for one minute in
three rounds after vortexing. DINA was extracted from
the collected supernatant using Quick-DNA Soil
Microbe Miniprep Kit (Zymo Research co., USA)
according to the manufacturer’s instruction. DNA was
visualized by gel electrophoresis. Furthermore, the
quality and the integrity of isolated DNA was deter-
mined by Nanodrop spectrophotometer ND 2000
(Nano-Drop Technologies, Wilmington, DE, USA).

16S rDNA amplicon sequencing and data handling.
From the composite soil sample four individual DNA
isolation was done and Terminal restriction fragment
length polymorphism (TRFLP) analysation was pro-
cessed for evaluation of the DNA integrity before the
NGS amplicon sequencing. For the Terminal restriction
fragment polymorphism (TRFLP) Hin6I (5' G'C G C)
and Rsal (5' GTYAC) restriction enzymes were used.
With freeware data analyser PAST software (https://
past.en.lo4d.com/download), the Shannon index (not
discussed in the paper) were calculated. These were
compared by ANOVA, the standard deviation was
under 0.2 in all cases. According to the TRFLP
results the pulled DNA was transferred for amplicon
sequencing.

The amplicon sequencing and data handling were
carried out, according to Révész et al. [21]. Briefly, to
assess the soils sample’s bacterial community composi-
tion precisely, Illumina 16S rDNA amplicon sequenc-
ing was carried out. The variable V3 and V4 region of
the 16S rDNA were amplified by using the primers rec-
ommended by Klindworth et al. [3], 16S amplicon
PCR forward (5'-TCGT CGGCAGCGTCAGATGTG
TATAAGAGACAGCCTA CGGGNGGCWGCAG-3"),

WELDMICHAEL et al.

named 16S Amplicon PCR Forward Primer-S-D-
Bact-0341-b-S-17-N and reverse (5'-GTCT CGTGG-
GCT CGGAGATGTGTATAAGAGAC AGGACTACH-
VGGGTATCTAATCC-3'), named 16S Amplicon
PCR Reverse Primer-S-D-Bact-0785-a-A-21-N prim-
ers with Illumina adapter overhanging nucleotide
sequences written in bold [3]. PCR reaction mixture
in a final volume of 50 UL that contained 12.5 ng of
DNA, 0.2 uM of each Illumina 16S primers and
12.5 uL of 2X KAPA HiFi Environ Sci Pollut Res
HotStart Ready Mix (KAPABiosystems, London,
UK). The temperature profile used was an initial
denaturation for 3 min at 95°C, followed by 25 cycles
of denaturation for 0.5 min at 95°C, annealing for
0.5 min at 55°C and elongation for 0.5 min at 72°C.
The last step was a final extension for 5 min at 72°C.
All amplifications were carried out in a ProFlex PCR
System (Applied Biosystems by Life Technologies,
USA). Amplicons were analyzed under UV light after
electrophoresis in 1% (w/v) agarose gel stained with
EtBr. Paired-end fragment reads were generated on an
Illumina MiSeq sequencer using MiSeq Reagent Kit v3
(600-cycle) (Seqomics Ltd). Read numbers were the
following: 77065 for LMH-1, 60265 for LMH-10,
67937 for LMH-2, and 58532 for ATS-3 samples (BF).
Primary data analysis (base-calling) was carried out
with Bbcl2fastq”™ software (v2.17.1.14, Illumina). Reads
were quality and length trimmed in CLC Genomics
Workbench Tool 9.5.1 using an error probability of 0.05
(Q13) and a minimum length of 50 nucleotides as a
threshold. Trimmed sequences were processed using
mothur v1.35 [50] as recommended by the MiSeq SOP
page (http://www.mothur.org/wiki/MiSeq_SOP down-
loaded at 22/06/2019) [33]. Sequences were assorted
based on the alignment using SILVA 132 SSURef
NR99 database [17]. Chimera detection was per-
formed with mothur’s uchime command [55], and the
‘split.abund’ command was also used to remove sin-
gleton reads according to Kunin et al. [69]. After all
quality control, 38132 reads/sample (400 bp/read)
were taxonomically investigated. Taxonomic assign-
ments were made against SILVA release 132, applying a
minimum bootstrap confidence score of 80%. Opera-
tional taxonomic units (OTUs) were assigned at 97%
similarity threshold level, as suggested by Tindall et al.
[15] for prokaryotic species delineation. Raw sequence
reads were deposited in NCBI SRA under BioProject ID
SAMN 14390016, SAMN14390017, SAMN14390018,
SAMN14390019.

Statistical analyses. Descriptive statistics were
employed to examine the variation in SMR and the
abundance of bacterial communities among soil types
using R software [54]. According to Metacoder R
package, the bacterial abundance was calculated, and
heat tree was created to visualize the bacterial commu-
nity structure [75].
EURASIAN SOIL SCIENCE  Vol. 54
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Table 2. Soil physicochemical properties and SMR across sites

1925

Site (RSG)
Soil properties
LMH-1 (Luvisol) LMH-2 (Cambisol) | LMH-10 (Vertisol) ATS-3 (Nitisol)
SOC,% 0.67(0.02) 0.46(0.01) 0.49 (0.06) 2.41(0.06)
pH H,0 7.93(0.08) 7.70(0.00) 7.86(0.03) 7.26(0.03)
SMC, % 5.36(0.79) 10.09(0.81) 6.66(0.43) 3.05(0.47)
P,0;, mg™! 15.67(0.04) 13.36(2.09) 13.36(2.09) 155.50(8.37)
K,0, mg kg™ 230.5(6.06) 287.5(21.07) 328.5(36.37) 184.5(11.25)
NH;-N, mg kg™! 1.15(0.11) 6.06(0.28) 7.23(1.50) 5.20(0.55)
NO;-N, mg kg™! 1.95(0.31) 2.70(0.22) 2.50(0.11) 2.50(0.00)
E,/ Eg 1.57(0.02) 1.50(0.01) 1.48(0.01) 1.60(0.02)
Ca?*, cmol kg ™! 20.94(0.74) 15.48(2.21) 18.93(0.28) 16.08(0.62)
Mg2*, cmol kg™! 4.10(0.15) 3.11(0.56) 3.85(0.06) 5.31(0.18)
K*, cmol kg~! 0.45(0.03) 0.38(0.01) 0.44(0.00) 0.52(0.02)
Na*> cmol kg~! 0.14(0.03) 0.04(0.03) 0.11(0.01) 0.30(0.03)
CEC, cmol kg™! 46.71(0.17) 46.17(0.14) 47.25(0.82) 41.21(0.65)
BS, % 54.88(1.84) 41.22(6.25) 49.39(0.09) 54.20(2.96)
SMR, ug CO, g ! soil h™! 1.19(0.16) 0.94(0.18) 1.16(0.05) 3.92(0.32)

Soil microbial respiration (SMR), soil moisture content (SMC), cation exchange capacity (CEC), base saturation (BS), Laelay Maic-
hew (LMH), Atsbi Wenberta (ATS), Reference soil group (RSG). The mean (standard error) of three replicates is shown.

RESULTS

Physicochemical properties and SMR. The basic
physicochemical properties of soil samples are pre-
sented in (Table 2). Briefly, SOC was highest in Nitisol
and lowest in Cambisol. The soil pH (H,0) ranged
from neutral (7.2) to slightly alkaline (7.9). While P,O5
content was highest in Nitisol, followed by Cambisol,
Vertisol, and Luvisol, the K,O content showed the
opposite trend. Generally, all available forms of nitro-
gen and exchangeable bases were recorded highest in
Nitisol. The rate of SMR ranged from 0.94 in Cambi-
sol to 3.92 ug CO, g~! soil h~! in Nitisol.

Bacteria community of the investigated soils sam-
ples. Comparing the genus number according to the
400 bp amplicon sequencing results, Nitisol was the
most diverse with 475 genera, followed by Cambisol
with 389 genera, Luvisol with 351 and Vertisol with
315, respectively. From these genera’s OTUs (family
or order in some case), only 31 were showing relative
abundance over 1%, from that a heat tree (Fig. 2),
according to the 38 132 reads (400 bp)/sample was cre-
ated by Metacoder R package in R software. The rela-
tive abundance of the taxonomy was made and com-
pared (Table 3). The 31 genera showing abundance
over 1% covered the 79% of all OT Us of Vertisol, 72%
of Luvisol, 66% of Cambisol, and 59% of Nitisol.
According to the heat tree figure, the Luvisol and
Cambisol have a slight difference among the identified

EURASIAN SOIL SCIENCE  Vol. 54 No. 12 2021

bacteria genera. The Vertisol showed a shift into the
direction of Actinobacteria— Pseudoarthrobacter and
Gaiellales family. In Nitisol samples, the Proteobacte-
ria—Alphaproteobacteria class: Sphingomonas genus
and Rhizobiaceae family were prevalent. At the phylum
level, there was only a slight difference among the
investigated soils. The following phyla showed the
greatest abundance in the samples: Actinobacteria,
Chloroflexi, Proteobacteria, Acidobacteria, Planctomy-
cetes, and Gemmatimonadetes. Actinobacteria was the
most abundant phylum in all samples, and accounted
(44%) in Vertisol, followed by Luvisol and Nitisol
(27%). In the case of Chlorflexi, it was found abun-
dantly in Luvisols (18%). While Proteobacteria showed
the greatest abundance in Nitisol (16%) and the lowest
in Vertisol (6%), the abundance of Acidobacteria
decreased to the lowest (1.38%) in Nitisol. In general,
these three phyla (Actinobacteria, Chloroflexi, Proteo-
bacteria) gave the majority among the four soils: Ver-
tisol: 65%, Luvisol: 54%, Nitisol: 51%, and Cambisol:
46% (Table 3).

The richest phylum, Actinobacteria, was repre-
sented by the following classes over 1% abundance:
Thermoleophilia, Actinobacteria, Acidimicrobiia, and
Rubrobacteria. In Vertisol, from the total abundance of
phylum Actinobacteria (44%), Thermoleophilia and
Actinobacteria accounted for 20 and 18%, respectively.
The Thermoleophilia class was represented by the
Gaiella genus in a very high abundance Vertisol (17%),
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community.

Luvisol (14%), Cambisol (8%), and Nitisol (3%). The
Gaiella genus has only one identified species yet [38].
The greatest abundance of class Actinobacteria was
found in Vertisol. Within Proteobacteria, Alphaproteo-
bacteria was the most abundant class, followed by
Betaproteobacteria.

Among the Chloroflexi phylum, two classes were
abundant over 1%: Chloroflexi and an uncultured
class: Bacterium Ellin-6519. All soil samples from Lae-
lay Maichew sites had a greater abundance (over 4%)
of Bacterium Ellin-6519 but its abundance was only
0.84% in the Nitisol (Table 3). Interestingly among the
genera of the Chloroflexi phylum, the Thermomicro-
bium roseum species was the most abundant (4—6%) in
all soils. This species is an extremely thermophilic
bacterium first isolated from an alkaline hot spring in
Yellowstone National Park. It is an obligate aerob and
grows optimally at 70 to 75°C at apH of 8.2t0 8.5 [65].
Bacterium Ellin-6519 is one of several uncultured iso-

lates collectively named ‘Ellin’. These isolates were
obtained by Janssen and coworker [e.g., 62] Currently,
no information about these bacteria is available since
none of them described taxonomically [12].

DISCUSSION

The pattern of SMR and its relationship with key soil
physicochemical properties. The capacity of soil to pro-
vide soil functions can be predicted by the activity and
abundance of microbial communities in relation to key
soil properties, such as SOC, available nutrients, and
pH [7]. All the three pedons in Laelay Maichew
(LMH) sites had a vertic property on the surface soils
and were similar to most physicochemical properties.
Hence, it would be expected that these soils have sim-
ilar microbial communities and activities, thereby a
similar rate of SMR. Consistently, the difference in
mean SMR among soils in LMH sites was small, while
EURASIAN SOIL SCIENCE  Vol. 54
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the difference was big between soils in the ATS-3 site
and in LMH sites. The high rate of SMR in Nitisol
corresponded to the high amount of SOC and P,Os,
which could explain the importance of these parame-
ters for soil microbes’ metabolic activity. SOC is the
primary energy source for microbes and considered
one of the key soil attributes that greatly influences
SMR [57]. Studying 117 different soils with a broad
range of physicochemical properties in the Czech
Republic, Hofman et al. [32] concluded that SOC
strongly correlated with SMR and thus, greatly influ-
enced the overall soil microbial activity. The current
study found that soils with lower E,/E; ratio (more
humified) had less SMR. This implies that the reduc-
tion of labile SOC could be one of the limiting factors
for SMR in the study area [35].

One possible reason for the high rate of SMR in
Nitisol might be the very high content of P,O; related
to the continuous amendment of soils with di-ammo-
nium phosphate (DAP). The concentration of P,Os
was almost ten times more in Nitisol compared to
other soil types. Currently, most studies concluded
that beside C, soil microbial activity in tropical soils is
highly limited by P availability. The change in P,O;
concentration in the soil causes a shift in the soil
microbial communities’ functional and metabolic
potential, resulting in a change in decomposition
rates. Phosphorous has a higher affinity to the sorption
sites of mineral soils than labile C; thus, the addition
of P would release organic matter bound to the sorp-
tion sites, which in turn stimulates soil microbial activ-
ity [66]. Accordingly, Liu et al. [39] reported that soil
respiration significantly increased after long-term P
addition in N saturated old-growth tropical forest in
southern China, suggesting that soil microbial activ-
ity was enhanced by P addition. Conversely, Teklay
et al. [67] noted that the SMR pattern was more
affected by N than P addition after the amendment of
soils with glucose-C, together with N and/or P at
Wondo Genet in southern Ethiopia.

The pH has been shown to be one of the significant
predictors for SMR [56]. Enzymes, involved in catab-
olism of carbon substrates, are pH sensitive [7]. Soil
pH influences the solubility of SOM and changes the
rate of microbial carbon turnover. It also affects the
availability and distribution of nutrients, which are
essential for microbes to decompose SOM [41]. This
study found that soils collected from the ATS-3 site
with lower pH (7.2) had four times higher SMR than
soils with higher pH at LMH sites (7.7—7.9). Our
result was confirmed by the finding of Creamer et al.
[56], who noted a decrement of basal respiration with
pH. Among the base cations, the concentration of
Mg?*, Na*, and K™ was in line with carbon utilization
rate. Mg?", together with other base cations, greatly
influences the soil microbial population and their
activity since it required for microbial growth and pro-
tein synthesis [44]. A similar trend has been previously
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observed in Irish grassland by Richter et al. [7]. In gen-
eral, this study highlighted that the variation of SMR
in the study area was probably linked with the variation
of P,Os, SOC, pH and Mg?*.

The relative abundance of dominant agroecosystem
bacteria, their determinants, and ecological roles. Since
all the investigated sites were arable land, the focus of
this study was on PGPB abundance in the soil.
Accordingly, bulk soils were investigated to determine
bacterial community differences, particularly PGPB,
and their relative abundance with soil type. There is a
lack of bulk soil investigations among African soils;
rhizosphere soil investigations are more common. In
the case of rhizosphere soil, however, the microbial
community is shifted to the needs of the specific crop
plant and less representing the normal microbial
diversity of the soil itself [9]. An agricultural field has
an indigenous microbe population, and during the
vegetation period, or year-after-year, the most differ-
ent crop plants could occur in the same field. There
should be information about the microbe diversity of
most common soil types in a well described region to
identify the useful microbes for the crop, for a better
yield production management, through the PGPB
microbe activity.

In this study, the most represented bacterial phyla
were Actinobacteria, Chloroflexi, and Proteobacteria.
The predominant PGPB in the studied soil belongs to
Proteobacteria. Proteobacteria are a phylum of Gram-
negative bacteria commonly found in soil [30]. The
Alphaproteobacteria was the most dominant class,
occupied the highest abundance in Nitisol. The
majority of sequences in the Alphaproteobacteria were
affiliated with the order Rhizobiales (including Rhizo-
biaceae, Beijerinckiaceae, Xanthobacteraceae, Devosia-
ceae family), which could perform nitrogen fixation,
organic matter decomposition, and plant growth pro-
motion [43]. Studies reported that some Proteobacte-
ria, e.g., Pseudomonas spp. and Beijerinckia, can
involve both in nitrification and P-solubilization pro-
cesses [46]. Soil properties are known to condition the
microbes’ growth in soils [43]. Generally, pH is found
to be a primary driver, that influences the bacterial
community at the phylum level [47]. According to
Rousk et al. [32], Alphaproteobacteria were most abun-
dant in soils with high pH values. In our case, Alphapro-
teobacteria (containing Rhizobiales) was only present in
6—8% in the case of LMH soils with 7.7—7.9 pH; thus,
the highest abundance was observed in ATS-3 soils
(Nitisol) with 15% in 7.2 pH. Similarly, Lauber et al.
[16] discussed that the relative abundance of Alphapro-
teobacteria was not strongly influenced by pH. The
SOC content was likely affecting members of this phy-
lum since the abundance of Alphaproteobacteria was
more pronounced in soils with high SOC concentra-
tion. A similar finding was noted by Tian et al. [52],
showed that the relative abundance of Proteobacteria
increased with SOC. The results obtained in this study



1930

are in line with the copiotroph/oligotroph hypothesis,
as suggested by Fierer et al. [48], which postulates that
copiotrophs such as Proteobacteria dominate soils with
large amounts of available organic carbon. The
authors further discussed that SMR, an index of
organic carbon availability to microorganisms, was the
best predictor of phylum-level abundances. Likewise,
in this study, the abundance of Profeobacteria was
higher in soils with a high rate of SMR. Similarly, in a
study of Jone [59], the relative abundance of Rhizobi-
ales was most strongly correlated with potential carbon
mineralization, suggesting the significance of this
order in soil carbon dynamics. The influence of crop
cultivation system could be another important factor
for the high abundance of Rhizobiales in the study
area. Farmers in study sites commonly cultivated main
crops (teff in Laelay Maichew and wheat in Atsbi
Wenberta) in rotation or mixed intercropping with
faba bean (Vicia faba L.). Legume plants like faba bean
symbiotically associate with rhizobia which the rhizo-
bia supply the legume host with fixed atmospheric
dinitrogen in the form of ammonia. Because of its
capacity for biological nitrogen fixation with rhizobia
bacteria, faba been became a desirable plant to grow in
nitrogen deficient areas to promote plant growth [73].
Research reports show that substantial grain yield
improvement has been recorded in wheat grown after
faba bean [37] and teff intercropping with faba bean [24]
in Ethiopia.

The dominancy of Actinobacteria in all our soil
samples may be related to their adaptation ability to
typical semi-arid environment, similar to the study
area [63]. Actinobacteria are gram-positive bacteria
that play vital roles in the cycling of organic com-
pounds, production of antibiotic, and synthesis of
growth hormones [4, 26]. Among Actinobacteria,
Frankiaceae was found in low abundance in the inves-
tigated soils. Frankia is the only genus in the family
Frankiaceae, which can fix atmospheric nitrogen both
in the free-living state and in association with several tree
species [4]. Generally, Actinobacteria are sensitive to low
pH and grow well in pH ranges between 6—8 [30], might
also contribute to their frequent occurrence in our
samples. Their abundance which increased with low
organic carbon availability, has already been reported

in other previous studies, [e.g., 43]. The NH;-N con-
centration was the greatest 7.23 mg kg~! in Vertisol;
this could also affect the abundance of the Actinobac-
teria playing an important role in the carbon decom-
position [34].

Next to Actinobacteria, Chloroflexi were dominant
in the soil samples, particularly in Luvisol. Chloroflexi
phylum is one of the large phyla that comprises a large
group of bacteria that acquire energy and fix CO,
through photosynthesis, thus contributing to carbon
dynamics [30]. The previous findings that Chloroflexi
prevails in nutrient-poor soils [48], was also noted by
this study as the abundance of Chlorflexi was lowest in
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Nitisol where the highest concentration of SOC was
recorded.

Among all IAA and P-solubilizing bacteria we
identified, the majority belonged to Bacillus, Paeniba-
cillus, and Pseudomonas, but only in a very low abun-
dance (0.1%). The exceptionally low abundance of
P-solubilizing bacteria in this study contradicts the
finding of Tsegaye et al. [76]. The authors investigated
beneficial rhizobacteria from tef rhizosphere samples
collected during the seedling stage in Ethiopia and
reported that 40.5% isolates were able to solubilize
phosphate, of which, Pseudomonas, Enterobacter, and
Bacillus were the dominant genera. The reason for
exceptionally low abundance in our samples could be
that our soils were bulk soils, not rhizosphere soils as
in the mentioned study. Tropical soils are considered
P-deficient because of their high acidity. Soil microbes
help to release phosphorus that is only consumed in the

soluble form such as monobasic (HPO?[) and dibasic

(H,PO,) phosphate [4]. Here it is also important to
mention the crucial role of P-mobilizing fungi in
increasing the bioavailability of soil phosphate for
plants and overall soil fertility. Among the rhizosphere
microbes, Penicillium and Aspergillus spp. are the
dominant P-solubilizing filamentous fungi [20]. In
Ethiopia, very few studies have been conducted on the
effects of phosphate solubilizing fungi on growth and
yield of crops. For instance, the effect of phosphate
solubilizing fungus on growth and yield of haricot bean
(Phaseolus vulgaris 1.) plants [20] and teff [13] were
evaluated.

The use of PGPR strains with inherent potential
for organic phosphorus mobilization offers a way to
replace chemical phosphatic fertilizers, thereby mini-
mizing environmental pollution. Altogether the great-
est abundance of the known PGPB was shown by the
Nitisol with 15%, represented over 1% abundance by
the following taxa: Streptomyces, Sphingomonas, Ralsto-
nia genus, Rhizobiaceae, Frankiaceae, Devosiaceae fam-
ily. The other soils had a total of only 4% PGPB abun-
dance from the previously mentioned taxa.

CONCLUSIONS

Soil samples in this study were originated from long
time cultivated fields and chosen as representatives of
the agriculture soil types of the region, and the sam-
ples were average samples. The results indicated that
bacterial diversity and SMR were higher in Nitisol
than other soil types. The major phyla were similar,
but their relative abundance among soil types differed.
Actinobacteria, Chloroflexi and Proteobacteria domi-
nated the bacterial community structure in the study
area. P,05;, SOC, and Mg?* probably explained the
variability of bacterial community structure and pat-
tern of SMR.
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The abundance of well-known agroecosystem bac-
teria members (PGPB) was between 4—9%. Among
the PGPB group the members of the Bacillus, Pseudo-
monas, Azospirilum genera were in very low abundance
(0.4—0.1%). This could affect the P-circle of the
investigated soils negatively. These results are marking
the importance of adopting practices that encourage
the elevation of SOC and P such as non-removal of
crop residues from agricultural lands, application of
manure, and most importantly, adaptation of P-mobi-
lizing bacteria groups as PGPR fertilizer for better
crop yield. This preliminary study could provide base-
line information for further bacterial genomic studies
in this region and contributes to the identification of soil
bacteria that are beneficial to agroecosystem functions.
However, for comprehensive view of agrobacterial com-
munity structure and SMR profile of the investigated
soils, both temporal and spatial replicates of each soil
type is needed. Additionally, further studies that exam-
ine the influence of plant type and agricultural manage-
ment is required for a better conclusion.
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