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and mineralogical composition and several physicochemi-
cal parameters. FMNs are soil geochemical microbarriers 
that have a high ability to accumulation and sequestra-
tion of polyvalent cations of different elements (Tan et al. 
2006; Liu et al. 2002; Gasparatos 2013; Timofeeva et al. 
2021). Despite abundant information about FMNs mor-
phology, composition and geochemistry and their influence 
on the element cycles in soil profiles, the mechanism of 
FMNs formation is still a topic under debate. One of the 
main conditions for FMNs formation in soils is season-
ally contrasting alterations in the soil redox potential (Eh) 
(Cornu et al. 2009; Sipos et al. 2011; Timofeeva et al. 2014 
Ali et al. 2025). The contrast cycles of reductive dissolu-
tion and oxidative precipitation of Fe and Mn (hydr)oxides 
resulted in the formation of microzones with relatively high 

1  Introduction

Ferromanganese nodules (FMNs) are soil organomineral 
neoformations formed through pedogenesis in different 
types of soils (Sipos et al. 2011; Timofeeva et al. 2014; Hu 
et al. 2015; Ettler et al. 2017; Huang 2022). Nodules differ 
significantly from the soil matrix in terms of their chemical 
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Purpose  This study aimed to investigate the structure and diversity of the bacterial community in soil matrices and Fe‒Mn 
nodules from natural Luvisols and reveal the potential bacterial involvement in the transformation of different elements in 
nodules.
Materials and methods  Soil matrices and Fe‒Mn nodules (sized 2–4  mm) were collected from uncontaminated soil in 
the National Park "Land of the Leopard" (south of the Russian Far East) and studied using advanced analytical methods. 
The compositions of the soil matrix and nodule bacterial communities were analysed using high–throughput sequencing 
technology.
Results and discussion  We identified 48 phyla, 122 classes, 238 orders, and 316 families of bacteria in the studied soil matri-
ces and nodules. The bacterial diversity and abundance in the studied nodules were lower than those in the soil matrices. 
The taxonomic compositions of the bacterial communities in the soil matrices and nodules were similar; Proteobacteria, 
Actinobacteria, and Acidobacteria were the predominant phyla. Thirty–five dominant families were selected to identify the 
relationships between the main physicochemical parameters of the soil matrices and nodules and the relative bacterial abun-
dances. The same dominant families were associated with different elements in the soil matrix and nodules. Mn–rich, organic 
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ules. Compared to the soil matrix, the associations of bacteria with Fe–rich compounds in the nodules were not significant.
Conclusions  The bacterial community identified in the nodules and soil matrix showed metabolic flexibility and adaptability, 
allowing them to play a significant role in the formation of nodules in the studied soils and in the biogeochemical cycles of 
Mn, SOC, TN, Fe and related elements in the soil matrix and nodules.
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concentrations of these elements in the soil matrix. These 
microzones promote proto–nodule formation. The main 
nodule–forming elements (Fe and Mn) and associated with 
their different elements precipitate onto the surface of the 
proto–nodules, which then grow (Dabard et al. 2020; Gas-
paratos et al. 2019).

Recent studies have shown that various bacterial phyla 
participate in the process of FMNs formation in soils from 
different parts of the world (He et al. 2008; Lysak et al. 
2013, 2019; Zhang et al. 2014; Hu et al. 2015; Timofeeva 
et al. 2024; Sipos et al. 2025). The results of FMNs stud-
ies in soils from paddy fields and sugarcane fields in China 
indicate the presence of members of the phyla Proteobac-
teria, Actinobacteria, Acidobacteria, Firmicutes, and Ver-
rucomicrobia and members of the orders Burkholderiales, 
Rhodocyclales, Acidobacteriales, Desulfuromonales, and 
Clostridiales (He et al. 2008; Zhang et al. 2014; Hu et al. 
2015). In FMNs from Albic Retisols, Stagnic Fluvisols and 
Gleyic Fluvisols in Russia, the following bacterial classes 
were identified: Alphaproteobacteria, Betaproteobacteria, 
Gammaproteobacteria, Deltaproteobacteria, Acidobacteria, 
and Planctomycetes (Lysak et al. 2019). Different bacterial 
taxa can be involved in FMNs formation and development 
by oxidizing and reducing Fe and Mn ions and producing 
nodule–specific minerals through biologically controlled 
(ions Fe and Mn are transformed inside the bacterial cell 
through intracellular biochemical enzymatic activity) and 
induced (deposition of minerals on the bacterial cell surface 
through interactions of bacterial metabolic products with 
metal ions) mineralization (Bazylinski et al. 2007; Dong et 
al. 2022; Qin et al. 2020; Ali et al. 2025). Several reports 
have shown that bacteria in soil nodules are characterized by 
increased physiological activity and the ability to nanotrans-
form as a result of the stressful effects of the environment 

(Lysak et al. 2013). Nonetheless, the contribution of bacte-
ria to the formation of FMNs, the transformation of the main 
nodule–forming elements and the diversity of the bacterial 
communities associated with FMNs are still limited. Addi-
tionally, most studies have examined the bacterial com-
munities of FMNs from anthropogenically impacted soils 
(mainly urbanized landscapes and agricultural ecosystems), 
which precludes the ability to obtain reliable information on 
the natural functions of the bacterial communities of FMNs.

We examined FMNs from the Gleyic Albic Luvisol 
(Manganiferric, Defferentic) formed in the territory of the 
National Park "Land of the Leopard" under the absence of 
direct anthropogenic impact (south of the Russian Far East). 
The soil–forming conditions in the south of the Russian Far 
East are known as favorable to the active formation and 
development of FMNs, which are characterized by well–
defined sorption activities for trace elements and potentially 
toxic elements (Timofeeva 2008; Timofeeva et al. 2021, 
2025). We previously found several genera of cultured bac-
teria, such as Priestia, Bacillus, Rhodococcus, Lysinibacil-
lus, Methylobacterium, and Pseudomonas, in FMNs of the 
region under study (Timofeeva et al. 2024).

The objectives of this study are as follows: (i) to study 
the bacterial community of the soil matrices and FMNs 
from uncontaminated soil, and (ii) to identify the presumed 
influence of the bacterial community on the element com-
position of FMNs in view of bacterial involvement in the 
transformation of different elements in FMNs.

In this work, we describe the phylogenetic composition 
of the bacterial communities of FMNs and the host soil 
matrices from uncontaminated soil using next–generation 
sequencing (NGS) and show the metabolic flexibility and 
adaptability of the identified bacterial communities to vari-
ous environments.

2  Materials and methods

2.1  Site description

The sampling site was located in the territory of the 
National Park "Land of the Leopard" in the south of 
the Russian Far East (Fig.  1). National Park covers an 
area of approximately 269 000  ha. The National Park 
was formed on the territory of a natural large massif 
of virgin coniferous broad–leaved forests, which are 
considered southern Ussuri taiga. The low–mountain 
(the eastern spurs of the Black Mountains and near the 
coast of the Yankovsky and Peschaniy peninsulas) and 
mid–mountain (the middle belt of the eastern spurs of 
the Black Mountains and the upper sections of the river 
basins) relief with small areas of flatlands (river valleys 

Fig. 1  Map showing sampling locations
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and coastal areas approaching Amur Bay) characterize 
the National Park territory. The hydrographic network of 
the National Park territory is quite defined and consists 
of twenty–one rivers and one lake. The climate of the 
studied territory is characterized as monsoon with 
northwestern continental winds, which bring clear, 
sunny weather and little precipitation in winter, and with 
southeastern and southern winds, which bring a large 
amount of precipitation (rain and fog) in summer. The 
mean winter and summer temperatures are approximately 
– 15.0 °C and + 20.1  °C, respectively. The mean annual 
precipitation is 826  mm, which mostly occurs from 
August to September (approximately 80%) when the 
typhoons bring in significant rains.

2.2  Soil characterization

Based on the whole–profile morphology, the studied soils 
are classified as a Gleyic Albic Luvisol (Manganiferric, 
Defferentic) according to the World Reference Base for 
Soil Resources (WRB) (2015). The Luvisol profiles were 
divided into the following depths: 0–18  cm (horizon A), 
18–31  cm (E), 31–81  cm (Btg), and 81–153  cm (horizon 
BCg) (Fig. 2). The morphological characteristics of repre-
sentative horizons of the Gleyic Albic Luvisol (Manganifer-
ric, Defferentic) are given in Table 1.

2.3  Soil matrix and nodule sampling

Soil matrices and FMNs were collected from the A, E 
and Btg horizons of two soil profiles (43.26 N, 131.53 E; 
43.22 N, 131.40 E). Two soil monoliths (3000–4000  g) 
were extracted from each horizon using sterile tools and 
packed into sterile material according to GOST 17.4.4.02–
84. The soil monoliths were packed into cooled bags 
and transported to the laboratory immediately. The soil 
monoliths were wet–sifted through a nylon screen with a 
fine mesh size (0.05 mm). Nodules were hand–separated 
from the sediments and weighed. Samples of the soil 
matrix were hand–separated from the FMNs. Before DNA 
extraction, FMNs were sterilized by rinsing in sterile 
distilled water five times, immersion in 0.1% NaClO 
for 1  min, and then five rinses in sterile distilled water 
(Zhang et al. 2008; Hu et al. 2015). A portion of FMNs 
samples was dried at 105  °C for 12  h for chemical and 
mineralogical analyses and microscopy. The FMNs and 
soil matrices were ground to a powder using the planetary 
ball mill Pulverisette 5 (Fritsch GmbH) and passed through 
a sieve (0.06 mm). For scanning electron microscopy, 20 
nodule samples were impregnated with an epoxide resin, 
cut in half and coated with Au by vacuum. Approximately 
1100 nodule samples were analysed in this study.

2.4  DNA extraction, amplification and sequencing

DNA was extracted from the soil matrix and nodule samples 
using «Meta Soil» kit (Raissol™, Russia) according to the 
manufacturer’s protocol. Purified DNA was used as the 
template for polymerase chain reaction (PCR). The V3–
V4 regions of the 16S rRNA gene were amplified with the 
primer set 341 F (5′–CCTAYGGGRBGCASCAG–3′) and 
806R (5′– GGACTACNNGGGTATCTAAT–3′) according 
to the recommendation of Caporaso et al. (2011). The 
PCR products of the proper length were confirmed by 
2% agarose gel electrophoresis. The PCR products 
were purified using magnetic bead purification and then 
sequenced by Novogene Bioinformatics Technology 
(China) on the Illumina NovaSeq X Plus platform.

2.5  Physicochemical analyses

The pH was measured electrometrically in a 1:2.5 soil 
matrix or FMNs/deionized water solution after shaking 10 g 
of air–dried powder of the soil matrices and FMNs for 1 h.

Oxides of macro–element (Fe2O3, MnO, CaO, K2O, 
and P2O5) and trace elements (Co, Cr, and Pb) contents 
of the soil matrices and FMNs were determined via 
energy–dispersive X–ray fluorescence spectrometry 
(EDX) using a Shimadzu EDX–800HS–P instrument as 
previously described by Timofeeva et  al. (2021, 2024). 
Eight certified reference standard soil samples were used 
to obtain calibration curves and assess the analytical 
recovery and precision.

The organic carbon (OC) content of the dried (105 °C) 
soil matrices and FMNs was determined using a TOC–L 
analyser (Shimadzu) with a CSN configuration and a 
module for solid sample measurement, SSM–5000A. The 
total nitrogen (TN) content was analysed via a Flash 2000 
elemental analyser (Thermo Scientific) with a CHNS con-
figuration. Elemental data were analysed using the Eager 
Xperience software.

Elemental distribution maps were obtained from scanning 
electron microscope (MERLIN, Carl Zeiss with EDS INCA 
Energy 350 X–Max 150 (Oxford Instruments, Abingdon)).

2.6  X–ray diffraction analysis

The mineral compositions of whole FMNs were analysed 
using a Rigaku MiniFlex II X–ray diffractometer (Rigaku) 
from 2.5° to 60° 2Q. The International Centre for Diffrac-
tion Data 2010 database was used to determine the phases 
present in the FMNs based on the comparison of the diffrac-
tion patterns. A detailed description of the X–ray diffrac-
tion analysis used in this study was previously presented by 
Timofeeva et al. (2021).
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Fig. 2  View of the Gleyic Albic Luvisol (Manganiferric, Defferentic) profile
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3  Results

3.1  Nodule abundance, morphology and 
mineralogy

In the studied Luvisols, FMNs existed as hard compact 
spherical or ellipsoidal segregations distinctly separated 
from the host soil matrices, varying in size from 1 to 6 mm 
(Fig. 3a). In this study, we considered only FMNs with sizes 
of 2–4 mm, as they account for 88% of all FMNs. The verti-
cal distribution of FMNs within the soil profiles was char-
acterized by a consecutive increase from the upper to the 
lower soil horizons (Table 2). Although gley features clearly 
occur in the Btg horizon, the abundance of FMNs indicates 
that differences in redox potential levels during dry/wet 
periods are sufficient for the formation of FMNs.

The examined FMNs had uneven surface brown and red-
dish–brown colors. Scanning electron microscopy with ele-
mental mapping demonstrated that the FMNs had an outer 
Fe–rich zone and an internal Mn–rich zone (Fig. 3b). The 
complex and irregular layers and antiphase effects between 
the distributions of Fe and Mn were identified in the internal 
structure of the FMNs. The distributions of C, Ca, K, and 
P were homogeneous, lacking visual signs of large enrich-
ment areas within the FMNs (Fig. 3b). The FMNs also con-
tain a few angular aluminosilicate grains.

In the internal zone of the FMNs, similar to bacterial cells, 
spherical microformations were also observed (Fig.  3c). 
These microformations have smooth surfaces with small 
cracks. The diameters of the microformations varied from 
7 to 29  µm. Spherical microformations are located either 
separately or combined in "colonies" (Fig. 3d).

The results of the XRD analysis indicated the presence 
of a complex of primary (quartz, albite, and tephroite) and 

2.7  Data treatment and bioinformatics analysis

The raw reads were preprocessed using FLASH 
(V1.2.11) and QIIME (Version 1.9.1) (Magoč and 
Salzberg 2011). The chimeric sequences were removed 
with the vsearch package (V2.16.0) (Edgar et al. 2011). 
The obtained sequences clustered into OTUs with more 
than 97% sequence identity. Representative OTUs were 
identified using Mothur method and the SILVA database 
(Edgar 2013).

The CCA was conducted using the Canoco (Version 
4.5). Alpha diversity is applied to analyse the complexity 
of species diversity for a sample through 6 indices, 
including the observed species, Chao1, Shannon, 
Simpson, ACE and Good coverage indices. All these 
indices in our samples were calculated with QIIME 
(Version 1.9.1) and displayed with R software (Version 
4.3.2). Histograms of relative abundance distributions 
(10 dominant taxa from each sample) were constructed 
through the SVG function. A heatmap and unweighted 
pair group based on the weighted UniFrac distance 
matrix were created to display beta diversity, which 
was calculated via QIIME software (Version 1.9.1). R 
(Version 4.3.2) was used to construct a heatmap showing 
35 dominant families, and correlation analyses were 
performed between the relative abundance of identified 
families and the physicochemical parameters of the soil 
matrices and FMNs. FAPROTAX software was used to 
predict metabolic bacterial function.

Each chemical analysis was performed with three 
parallel probes to identify an adequate iteration number. 
The data were processed statistically (median value and 
regression analyses) using Microsoft Excel and SPSS 
software (SPSS Inc., Version 13, 2018).

Horizon Color moist Description
A Gray 5YR 5/1 Homogenously colored; loamy sand; medium–strong moderate granular 

structure; hard; friable; found brown nodules; wavy boundary to
E Light gray 

5YR 7/1
Unevenly colored with a numerous fine distinct brown and reddish mottles; 
loamy; medium blocky subangular structure; slightly hard; very friable; 
numerous brown nodules; clear wavy boundary to

Btg Dark reddish 
brown 5YR 
3/2

Unevenly colored with a numerous oximorphic mottles; clay loamy; blocky 
subangular and angular structure; sticky; plastic; few medium gravel with 
cutans on pedfaces; numerous brown nodules; transitional boundary to

BCg Reddish brown 
5YR 5/4

Unevenly colored with a numerous oximorphic mottles and abundant fine 
soft iron–manganese accumulations in the upper part; clay; dense; sticky; 
plastic; medium weathered fragments of rocks

Table 1  Morphological character-
istics of representative horizons 
of the Gleyic Albic Luvisol 
(Manganiferric, Defferentic)
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Table 2  Physicochemical parameters of nodules and soil matrices and the abundance of nodules in different horizons of the Gleyic Albic Luvisol 
(Manganiferric. Defferentic)
Parameter Horizon

A E Btg
Soil matrix Nodules Soil matrix Nodules Soil matrix Nodules

pH (H2O) 5.93 ± 0.15* 5.38 ± 0.11 6.03 ± 0.18 5.62 ± 0.13 5.21 ± 0.10 4.54 ± 0.11
SOC (%) 2.78 ± 0.08 2.51 ± 0.07 0.11 ± 0.002 0.78 ± 0.004 0.17 ± 0.001 0.29 ± 0.001
TN (%) 0.51 ± 0.006 0.36 ± 0.002 0.014 ± 0.001 0.013 ± 0.001 0.012 ± 0.001 0.005 ± 0.0001
CaO (%) 0.87 ± 0.03 0.65 ± 0.02 0.67 ± 0.02 0.51 ± 0.01 0.86 ± 0.03 0.73 ± 0.03
K2O (%) 2.13 ± 0.07 1.77 ± 0.06 2.00 ± 0.06 1.69 ± 0.05 2.14 ± 0.08 2.03 ± 0.06
P2O5 (%) 0.12 ± 0.006 0.08 ± 0.002 0.13 ± 0.007 0.11 ± 0.005 0.13 ± 0.006 0.14 ± 0.006
Fe2O3 (%) 3.82 ± 0.15 24.17 ± 0.73 2.97 ± 0.12 25.56 ± 0.78 5.31 ± 0.22 15.06 ± 0.41
MnO (%) 0.10 ± 0.003 0.81 ± 0.026 0.03 ± 0.001 0.79 ± 0.022 0.09 ± 0.003 3.90 ± 0.092
MnO/Fe2O3 0.03 ± 0.001 0.03 ± 0.001 0.01 ± 0.001 0.03 ± 0.001 0.02 ± 0.001 0.24 ± 0.003
Pb (mg kg−1) 21.36 ± 0.65 106.36 ± 5.28 22.43 ± 0.61 143.97 ± 6.27 28.39 ± 0.74 171.43 ± 8.27
Co (mg kg−1) 30.52 ± 0.61 55.79 ± 1.54 32.83 ± 0.72 61.03 ± 1.12 18.05 ± 0.43 25.99 ± 0.50
Cr (mg kg−1) 61.25 ± 1.53 118.62 ± 5.07 63.42 ± 1.39 146.97 ± 5.89 78.32 ± 2.62 121.14 ± 4.28
Nodule abundance
(g kg−1)

24.83 ± 0.83 128.39 ± 5.99 204.56 ± 11.40

*Mean values ± standard deviations, n within horizon = 12

ba

dc

Fe Mn

K P Ca

C

Fig. 3  Morphologies and element composition of typical nodules: a – photo of the representative nodules, b – elemental distribution maps of within 
the opened nodule, c, d – spherical microformations similar to bacterial cells within the nodules
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compound distributions, in the FMNs from the Btg horizon, 
the Mn/Fe ratio was maximal and reached 0.24. Nodules 
from the Btg horizon were also characterized by enrich-
ment by P2O5. Nodules with the highest levels of SOC were 
located within the upper A horizon. The content of SOC in 
the FMNs decreased with increasing soil depth; however, 
the FMNs formed in the E and Btg horizons accumulated 
SOC. Compared with those in the soil matrix, the FMNs 
from all the studied horizons were depleted of Ca and K 
oxides and TN.

3.3  Bacterial diversity and community structure in 
soil matrices and FMNs

The V3–V4 regions of the 16S rRNA gene were sequenced 
by next–generation sequencing (NGS). Sequencing of the 
soil matrix and nodule samples from three soil horizons 
yielded a total of 604,891 16S paired–end reads. After 
quality filtering and chimera sequence removal, a total of 
591,380 effective sequences were obtained from all the 
studied samples. The filtered reads were clustered into oper-
ational taxonomic units (OTUs), which were used for fur-
ther analysis of alpha and beta bacterial diversity.

The analysis of alpha biodiversity indices showed that 
the predicted bacterial community (ACE) diversity of the 
soil matrix exceeded the ACE value of the FMNs in all 
studied soil horizons (Table 3). According to the OTUs, the 
number of directly observed bacterial species suggested this 
pattern. The variation in the alpha diversity indices (ACE, 
Shannon, Chao1, and Simpson) and the OTU values indi-
cated a decrease in bacterial diversity in both the soil matrix 
and FMNs with increasing soil depth (Table 3).

On the basis of the taxonomic analysis, a total of 48 
phyla, 122 classes, 238 orders, and 316 families were iden-
tified in all the studied samples. The top 10 taxa from each 
sample at each taxonomic rank (type, class) were selected 
for further analysis of the relative abundance distribution of 
the taxa (Fig. 4). Proteobacteria, Actinobacteria, and Acido-
bacteria were the predominant phyla in the most studied 
soil matrices and FMNs. The relative abundance of Proteo-
bacteria (from 11 to 91%), Actinobacteria (from 2 to 23%), 
and Acidobacteria (from 1 to 22%) varied within the soil 
profile. The vertical distribution of the relative abundance 

clay (kaolinite and muscovite) minerals and iron (goethite 
and feroxyhyte) and manganese (birnessite) minerals in the 
studied FMNs (Fig. S1).

3.2  Nodule and soil matrix chemistry

The physicochemical parameters of the FMNs and host 
soil matrices are presented in Table 2. These parameters are 
selected on the basis of their relationship with the diversity 
and composition of soil bacterial communities, which have 
been reported in different studies (Yang et al. 2023; Cahyani 
et al. 2007; Hua et al. 2024). Additionally, trace elements 
(Pb, Co, and Cr) in FMNs are commonly associated with 
Fe– and Mn–rich compounds and most likely may influence 
the bacterial communities of FMNs.

The acidity of the soil matrices varied from slightly 
acidic (horizons A and E) to acidic (horizon Btg). The levels 
of most studied elements in the soil matrices varied with 
depth. The quantitative distributions of the SOC and TN 
contents in the soil matrix were characterized by an abrupt 
decrease from the surface horizon to the underlying layers. 
The contents of Ca and Mn oxides were the highest in the 
soil matrix of the upper horizons; however, a pronounced 
secondary peak of these elements was found in the soil 
matrix of the Btg horizons. The contents of K and Fe oxides 
in the soil matrix also had two concentration peaks (hori-
zons A and Btg), but the maximum contents were found in 
the lower horizon. The distribution of P oxide in the soil 
matrices throughout the soil profiles was homogeneous. 
Other trends in the vertical element distributions were found 
for trace elements (Pb, Cr, and Co). The contents of Pb and 
Cr gradually increased in the soil matrix with depth. The 
soil matrix of the studied soils had a relatively distinct Co 
content peak in the E horizon.

Compared with the host soil matrices, the FMNs have 
a lower pH. Nodules from all horizons were significantly 
enriched in Fe2O3, MnO, Pb, Co, and Cr compared with 
the host soil matrices. The contents of these elements in 
FMNs formed in different soil horizons were different. The 
maximum Fe2O3, Co and Cr concentrations were observed 
in FMNs formed in the E horizon. The contents of MnO 
and Pb were highest in FMNs formed in the underlying 
horizon Btg. According to the mentioned Fe– and Mn–rich 

Table 3  Alpha diversity indices of bacterial communities from the soil matrices and nodules at the OTU level
Horizon Object Alpha diversity indices

ACE index Observed_species Shannon index Chao1 index Simpson index
A Soil matrix 1999.749 1785 8.158 2002.191 0.982

Nodules 1559.847 1373 7.673 1581.509 0.982
E Soil matrix 1230.474 1203 6.734 1239.513 0.878

Nodules 555.828 531 7.205 570.6 0.986
Btg Soil matrix 86.003 72 1.949 99.5 0.525

Nodules 73.407 63 1.94 68 0.574
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abundance of Alphaproteobacteria and Thermoleophilia in 
the FMNs was significantly higher than those in the host 
soil matrix. The highest Alphaproteobacteria and Thermo-
leophilia abundance was identified in the FMNs formed in 
the upper and middle parts of the soil profile. Additionally, 
the FMNs formed in the upper and middle parts of the soil 
profile were characterized by higher relative abundance of 
Myxococcia (6–13%), Ktedonobacteria (5–8%), and Gem-
matimonadetes (3–8%) than those in the host soil matrix. At 
the same time, the relative abundance of Verrucomicrobiae 
(1–19%), Bacteroidia (1–10%), and Acidobacteriae (1–8%) 
was higher in the soil matrix samples. The Verrucomicro-
biae and Acidobacteriae were relatively concentrated in the 
soil matrix from the upper horizons, while the abundance of 
Bacteroidia increased significantly with soil depth (Fig. 5).

The relative abundance of the top 35 families in the 
studied samples is represented in the heatmap (Fig. 6). The 
dominant bacterial families were different in the soil matrix 
and nodule samples throughout the studied soil profiles. 
Chthoniobacteraceae and Solibacteraceae were predomi-
nant in the soil matrix from the upper horizon (A), while 

of Actinobacteria and Acidobacteria decreased with increas-
ing soil depth, whereas the relative abundance of Proteo-
bacteria increased significantly with increasing soil depth. 
In addition, a high abundance of Verrucomicrobiota (19%) 
was detected in the soil matrix from the upper part of the 
profile. In the soil matrix from the middle horizon, a high 
relative abundance of Firmicutes (18%) was identified. The 
soil matrix and nodule samples from the upper and middle 
horizons contained a prominent relative abundance of Chlo-
roflexi (5–13% and 10–15%, respectively), Myxococcota 
(1–3% and 6–14%, respectively), and Gemmatimonadota 
(1–4% and 3–8%, respectively). The soil matrices and 
FMNs from the lower part of the soil profiles characterized 
increase relative abundance of Bacteroidota (10% and 5%, 
respectively).

The most abundant classes in the soil matrix and FMNs 
were Gammaproteobacteria (5–89%), Alphaproteobacteria 
(2–18%), and Thermoleophilia (1–14%) (Fig. 5). The rela-
tive abundance of Gammaproteobacteria increased with soil 
profile depth, and the highest abundance was found in the 
soil matrix and FMNs from the Btg horizon. The relative 
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Fig. 4  Relative abundance of the dominant 10 phyla in the soil matrix and nodule samples

 

1 3



Journal of Soils and Sediments

the bacterial community between FMNs and the soil matrix 
were not observed.

3.4  Correlations between physicochemical 
parameters of soil matrices and FMNs and bacterial 
relative abundance

Canonical correspondence analysis of the physicochemical 
characteristics of the soil matrices and FMNs and the bacte-
rial community OTU abundance in the different horizons 
is shown in Fig. 9a, b. The results showed that the first and 
second ordination axes of the CCA explained 94.9% and 
72.7%, respectively, of the bacterial community changes in 
the soil matrix (Fig. 9a). These values were lower in FMNs; 
the first axis of the CCA diagram explained 91.9% of the 
data, and the second axis accounted for 27.5% (Fig.  9b). 
Most of the selected parameters significantly affected the 
bacterial community distribution. However, the main char-
acteristics affecting the bacterial community distribution 
varied among the different soil horizons. The bacterial 
community distribution in the soil matrix from the upper 
soil horizon (A) was obviously positively correlated with 
the contents of SOC, TN, K2O, MnO, and the Mn/Fe ratio. 
In the soil matrix of the middle horizon (E), none of the 
selected factors had a significant influence on the bacterial 
community distribution. The bacterial community distribu-
tion in the soil matrix of the lower horizon (Btg) was related 
to the contents of Fe2O3, Cr, and Pb. The acute angles of 
arrow rays between SOC and TN, and between Fe2O3 and 
Cr indicate the combined influence of pair parameters on 

in the FMNs from this horizon, Oxalobacteraceae, Geo-
dermatophilaceae, and Burkholderiales (B1 − 7BS) were 
predominant. In the soil matrix of the middle soil hori-
zon (E), Nocardiaceae, Sporichthyaceae, Muribaculaceae, 
Enterobacteriaceae, Lachnospiraceae, and Lactobacillaceae 
were predominant, whereas the FMNs formed in this hori-
zon were characterized by the predominance of Nitrospira-
ceae, Reyranellaceae, Hyphomicrobiaceae, and Rhizobiales 
(Amb − 16S − 1323). In the lower part of the soil profile, the 
compositions of the dominant families identified in the soil 
matrix and FMNs were similar and included Comamonada-
ceae, Burkholderiaceae, and Weeksellaceae. The relative 
abundance of the dominant families decreased in the soil 
matrices and FMNs with increasing soil depth.

The results of the weighted UniFrac and unweighted 
UniFrac analyses also suggested significant differences in 
bacterial diversity between the soil matrix and FMNs from 
the upper and middle parts of the soil profile (Fig.  7). In 
the lower part of the soil profile, the difference in bacterial 
diversity between the soil matrix and FMNs was relatively 
small.

Additionally, the results of the cluster analysis integrated 
with the relative abundance (UPGMA) of the top 10 domi-
nant bacterial phyla that the bacterial community composi-
tions of the soil matrix and FMNs from the lower part of the 
soil profile formed a distinct clade (Fig. 8). Nodule samples 
formed in the upper and middle parts of the soil were united 
into a single cluster. The samples of FMNs and the soil 
matrix from the upper horizons did not unite into a com-
mon clade, but significant differences in the composition of 
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and the Mn/Fe ratio. Our results demonstrated that, as well 
as in the soil matrix, the distribution of the bacterial commu-
nity in FMNs formed in the E horizon was not significantly 
associated with the studied parameters.

According to the results of the correlation analy-
sis between the relative abundance of bacterial fami-
lies and the physicochemical characteristics of the 

the distribution of the bacterial community. The bacterial 
community distribution of FMNs is controlled by a lesser 
amount of studied parameters compared with the soil 
matrix. The main parameters affecting the distribution of the 
bacterial community in FMNs from the A horizon are SOC 
and TN. In FMNs from the Btg horizon, the bacterial com-
munity is a multicollinear complex consisting of MnO, Pb, 
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Fig. 8  UPGMA clustering tree based on weighted UniFrac distance and maps of phyla relative abundance
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TN, CaO, K2O, and with the Mn/Fe ratio (Fig.  10). 
This group consists of Muribaculaceae, Moraxellaceae, 
Sporichthyaceae, Geodermatophilaceae, Lactobacil-
laceae, Enterobacteriaceae, Lachnospiraceae, Nocar-
diaceae, Burkholderiales (TRA3 − 20), Burkholderiales 

soil matrices and FMNs, the bacterial community was 
divided into four groups in the soil matrix and four 
groups in the FMNs (Fig.  10; Fig.  11). The first bacte-
rial group in the soil matrix exhibited extremely sig-
nificant correlations with the contents of MnO, SOC, 
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Fig. 9  Canonical correspondence 
analysis (CCA) scatter plot repre-
senting the influence of physico-
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group (Comamonadaceae and Xanthomonadaceae) was 
the increased influence of Co concentration on bacterial 
abundance.

The group differentiation of the bacterial community 
in the soil matrices and FMNs differed widely. In FMNs, 
the first bacterial group consists of the Solirubrobacte-
raceae, Anaeromyxobacteraceae, Gemmatimonadaceae, 
Solibacteraceae, Sporichthyaceae, Oxalobacteraceae, 
Burkholderiales (B1 − 7BS), and Geodermatophilaceae 
families (Fig.  11). The relative abundance of bacterial 
families in this group was significantly related to the 
contents of MnO, Pb, the Mn/Fe ratio, and K2O con-
tent. The relative abundance of the bacterial families 
of this group was strongly negatively correlated with 
Fe2O3, Cr, and Co. The second bacterial group in FMNs 
included the Beijerinckiaceae, Nocardiaceae, Rhizobia-
les (Amb − 16S − 1323), Muribaculaceae, Lachnospira-
ceae, Enterobacteriaceae, and Gallionellaceae families. 
Correlation analysis has demonstrated that the abundance 

(B1 − 7BS), Oxalobacteraceae, Anaeromyxobacteraceae, 
Beijerinckiaceae, Ktedonobacteraceae, and Hyphomi-
crobiaceae families. Notably, the abundances of the 
Anaeromyxobacteraceae, Beijerinckiaceae, Ktedono-
bacteraceae, and Hyphomicrobiaceae families were not 
significantly correlated with the Mn/Fe ratio. The signifi-
cant parameters for the relative abundance of the second 
bacterial group presented by the families Reyranellaceae, 
Rhizobiales (Amb − 16S − 1323), Chthoniobacteraceae, 
Pyrinomonadaceae, Solibacteraceae, Burkholderiales 
(A21b), Gemmatimonadaceae, Solirubrobacteraceae, 
Xanthobacteraceae, Nitrososphaeraceae, Solirubrobac-
terales (67 − 14), Gaiellaceae, and Acidothermaceae 
were the Fe2O3, Cr, and Pb contents. The abundance 
of bacterial community in the third group (Nitrospira-
ceae, Nitrosomonadaceae, and Gallionellaceae fami-
lies) was significantly correlated with the CaO content 
and positively correlated with the K2O, Fe2O3, and Cr 
contents. The main peculiarity of the fourth bacterial 
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Fig. 11  The correlation heatmap between relative abundances of the dominant bacterial families and physicochemical parameters of the nodules
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belonged to the phylum Acidobacteria in the soil matrix and 
FMNs from upper horizons confirmed their participation in 
the transformation of organic matter and the decomposition 
and mineralization of organic residues. The Proteobacteria 
phylum is known to dominate in soils with high organic 
matter content (Yang et al. 2022; Yaghoubi Khanghahi et al. 
2024). However, our results demonstrate an inverse trend. 
The relative abundance of Proteobacteria in the soil matri-
ces and FMNs increased as the SOC content decreased. The 
dominance of different classes belonged to the phylum Pro-
teobacteria in the studied soil matrices and FMNs is attrib-
uted more to the fractional composition of organic matter, 
as was also suggested by Yang et al. (Yang et al. 2023). A 
high relative abundance of Gammaproteobacteria was iden-
tified in the samples from the lower horizons. Our previous 
studies demonstrated the predominant fulvic acid fractions 
in the composition of organic matter in the soil matrix and 
FMNs from the lower part of the soils with similar main 
soil–forming factors and processes (Timofeeva and Purtova 
2024). Most likely, in the studied soil matrix and nodule 
samples, organic compounds with low molecular weights 
(fulvic substance) are more readily available for transfor-
mation by Gammaproteobacteria, while more stable organic 
compounds presented mainly as humic substance and humin 
are more essential factors affecting the relative abundance 
of Alphaproteobacteria dominating the upper and middle 
parts of the soil profiles. The maximum abundance level of 
Alphaproteobacteria was found in the FMNs formed in the 
middle horizons, which may be due to the higher content 
of SOC in the FMNs than in the soil matrix and the highest 
levels of SOC accumulation in the FMNs of these horizons. 
The classes Gammaproteobacteria and Alphaproteobacteria 
include bacteria that are capable of Mn oxidization (Cahy-
ani et al. 2007; Tebo et al. 2004). The profile distribution of 
the relative abundance of Gammaproteobacteria and Alpha-
proteobacteria and the contents of Mn in the soil matrices 
and FMNs indicate greater involvement of these bacterial 
classes in the Mn biogeochemical cycles in the soil matrix 
samples (Table 2; Fig. 10; Fig. 11). Most likely, in the lower 
soil horizons with a longer reducing regime period, Gam-
maproteobacteria oxidizes Mn–containing compounds and 
precipitates Mn (hydr)oxides on the cell surface, promot-
ing the formation of microzones with oxidation‒reduction 
potential differing from that of the host soil mass, which 
may contribute to the formation of proto–FMNs.

The relative abundance of Verrucomicrobia, Firmicutes, 
Chloroflexi, Myxococcota, Gemmatimonadota and Bacte-
roidota was also significant in the different soil matrix and 
nodule samples. In general, the Verrucomicrobiota phylum 
is often identified in bacterial communities of different soil 
types (Borsodi et al. 2024). However, the factors influencing 
their diversity and abundance in the soil environment are 

of the bacterial community from the second group was 
significantly controlled by the contents of SOC, TN, 
and CaO and was less affected by the Fe2O3, Cr, and Co 
contents. The third bacterial group showed that the con-
tents of SOC, TN, and CaO in FMNs were significantly 
positively correlated with the relative abundance of the 
Acidothermaceae, Ktedonobacteraceae, Gaiellaceae, 
Hyphomicrobiaceae, Nitrososphaeraceae, Reyranella-
ceae, Nitrospiraceae, Chthoniobacteraceae, and Burk-
holderiales (A21b) families. The fourth bacterial group 
in FMNs was related mainly to the CaO and К2O contents 
and consisted of three families: Xanthobacteraceae, Soli-
rubrobacterales (67 − 14), and Nitrosomonadaceae.

4  Discussions

Our data indicated that the differences in the composition 
of the bacterial communities were obvious both for the 
soil matrices and for FMNs formed in different parts of the 
profile of the same soil. Proteobacteria, Actinobacteria and 
Acidobacteria were the predominant bacterial phyla in the 
studied soil matrix and nodule samples. The same dominant 
bacterial phyla have been reported in soils and FMNs from 
North China to East China (Cahyani et al. 2007; Zhang et al. 
2014). Additionally, Proteobacteria and Acidobacteria were 
the dominant bacterial phyla in FMNs and soil samples 
from Central China (He et al. 2008). The widespread occur-
rence of Proteobacteria, Actinobacteria, and Acidobacteria 
in soils and soil neoformation indicates the metabolic ver-
satility of these taxa. The increase in the relative abundance 
of Actinobacteria in the soil matrix and FMNs from the 
upper horizons is consistent with the involvement of this 
phylum in the decomposition of complex polymeric organic 
substrates (chitin and lignin) and in the process of organic 
soil compounds mineralization (Chernitsyna et al. 2016; 
Lewin et al. 2016). In our study, this finding is in agreement 
with the dominance of the Thermoleophilia class belonged 
to the phylum Actinobacteria, whose ability to decompose 
both soil dissolved organic compounds and stable organo–
mineral complexes and mineralize soil organic matter 
was shown earlier (Yang et al. 2023). Our results demon-
strate that Thermoleophilia can decompose and mineral-
ize organic–rich compounds in FMNs. The soil matrix and 
FMNs of the upper horizons contain high content of nutri-
ents available for these bacteria, resulting in active bacterial 
growth (Timofeeva and Purtova 2024). Most Acidobacteria 
are oligotrophic bacteria and occur in soils with low nutrient 
content (Conradie and Jacobs 2020). However, some repre-
sentatives of this phylum may participate in the degradation 
of soil organic matter (Catão et al. 2014; Vélez-Martínez 
et al. 2024). The dominance of the Acidobacteriae class 
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contents in the soil matrix and FMNs and by the differences 
in the level of redox potential between the soil matrix and 
the surface of FMNs. Compared with the host soil matrix, 
FMNs are localized zones with a higher redox potential 
(Kostenkov 1987; Gasparatos et al. 2019). More contrasting 
values of redox potential between the soil matrix and the 
surface of FMNs were mentioned in the upper and middle 
horizons of the soil, with similar main soil–forming pro-
cesses. (Kostenkov 1987). A longer period with reducing 
conditions in the lower horizon resulted in a decrease in the 
difference in redox potential between the host soil matrix 
and the surface of FMNs and the formation of a bacterial 
community of similar composition.

Our data showed that differences in the physicochemi-
cal characteristics of the soil matrices and FMNs can affect 
the adaptation of bacterial communities to different micro-
environmental conditions. Correlation analyses revealed the 
capability of the same bacterial families to transform differ-
ent complex compounds in the soil matrix and FMNs.

The results of our studies have shown that the abundance 
of thirteen families was associated mainly with the contents 
of Fe2O3, Cr, and Pb in the soil matrix (Fig. 10). This rela-
tionship may be explained by the presence of iron ions in 
many enzymes involved in basic biological processes (respi-
ration, central metabolism, and DNA reparation) (Andreini 
et al. 2008; Frawley and Fang 2014). The formation of 
Fe‒Cr complexes in the soil matrix influences the involve-
ment of Cr in the process of microbiological transformation, 
which was also suggested by the significant contribution of 
Fe‒reducing bacteria to the reduction of Cr ions in the dif-
ferent soils (Xiao et al. 2014). In general, the relationship 
between the abundance of the identified families and the 
Pb content was based on the different mechanisms of Pb 
biosorption (on the cell surface, on the extracellular poly-
mers, and substances), bioaccumulation (by metallothio-
neins), and precipitation (Tiquia-Arashiro 2018). However, 
on the basis of the mentioned group differentiation of the 
bacterial community, most likely, in the studied soil matri-
ces, the predominant process is the microbiological chela-
tion of Pb by siderophores, which effectively bind Pb2+ and 
reduce Pb mobility in the soil (Tiquia-Arashiro 2018). The 
nodule parameters controlling the abundance of the thir-
teen mentioned families significantly changed. The varia-
tion in the influencing parameters indicates the metabolic 
universality of the mentioned families. The abundance of 
Reyranellaceae, Rhizobiales (Amb − 16S − 1323), Chthoni-
obacteraceae, Nitrososphaeraceae, Acidothermaceae, Gaiel-
laceae, and Burkholderiales (A21b) was associated mainly 
with the contents of CaO, SOC, and TN, which is likely 
related to the participation of such families in the process 
of organic matter transformation and carbon stabilization in 
FMNs. Based on the composition of relative parameters, the 

currently unclear. Some representatives of the Verrucomi-
crobiota phylum prefer acidic soil environments (Willms et 
al. 2021). This confirms the presence of Verrucomicrobiae 
belonged to the phylum Verrucomicrobiota, in the studied 
slightly acidic and acidic samples of the soil matrix and 
FMNs. The high relative abundance of the classes Ktedono-
bacteria of the Chloroflexi phylum and Myxococcia of the 
Myxococcota phylum in the soil matrices and FMNs from 
the upper and middle parts of the soil profile are most likely 
related to their ability to grow both in nutrient–rich and 
nutrient–poor soil environments and survive by generating 
energy through solar radiation (Yabe et al. 2017; Lan et al. 
2022). Additionally, organic–poor microenvironments in 
the middle and lower parts of soil profiles are favourable for 
the growth and reproduction of bacteria that are capable of 
oligotrophy or r–strategy, such as the Firmicutes and Bac-
teroidota phyla (Liu et al. 2023a, b; Borsodi et al. 2024). 
On the basis of the vertical distribution of bacterial abun-
dance, the lower horizons constitute the optimal zone for the 
growth and development of the Bacteroidia class (belonged 
to the phylum Bacteroidota) in the soil matrix and FMNs. 
Soil–specific studies have demonstrated that an increase in 
the relative abundance of the Gemmatimonadota phylum is 
found in soil microenvironments with relatively low SOC 
content (Hua et al. 2024). Our results did not support this 
finding because the maximum relative abundance of Gem-
matimonadetes belonged to the phylum Gemmatimonadota, 
was located in the soil matrix and nodule samples from 
the upper horizons containing the highest level of SOC 
(Table 2).

The alpha– and beta–diversity of the bacterial commu-
nities also significantly differed between the samples from 
the different horizons of the studied soils. The decrease in 
bacterial diversity and abundance of the most identified 
phyla with soil depth is explained mainly by the decreased 
content of organic matter and nutrients, increased acidity 
and accumulation of the clay fraction, and more long–term 
waterlogging periods in the lower soil horizons of the stud-
ied soil. This finding was also supported by the results of 
UniFrac (weighted) and UPGMA analyses. Based on this 
and the vertical distribution of the relative abundance of the 
predominant phyla in the studied soil matrices and FMNs, 
we may suggest that the Proteobacteria phylum is more sta-
ble to variations in conditions in the soil environment. Beta 
diversity analysis showed differences between the bacterial 
community of FMNs and the host soil matrix from the same 
horizon. According to the UniFrac (weighted) analysis, the 
highest difference was identified in the upper and middle 
soil horizons, whereas in the lower horizons, the difference 
between the bacterial community of the FMNs and the host 
soil matrix was significantly lower. This might be explained 
both by the vertical variation in organic matter and nutrient 
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compounds are energetically much more favourable elec-
tron acceptors than iron compounds are for bacteria, most 
likely in FMNs, these four bacterial families use Fe ions for 
the synthesis of diverse enzymes involved in central carbon 
metabolism. Additionally, the presence of Co in the compo-
sition of Fe–rich complex compounds in FMNs is a com-
petitive advantage for bacterial growth due to the possibility 
of remobilizing Co from complex compounds and subse-
quent Co involvement in the process of producing enzyme 
cofactors (cobamides) in cobalamin (vitamin B12). The 
abovementioned four bacterial families refer to taxonomic 
bacterial classes known as cobamide producers (Zhang et 
al. 2009; Shelton et al. 2019; Dulay et al. 2020). The main 
parameters controlling the abundance of Ktedonobactera-
ceae, Hyphomicrobiaceae, Muribaculaceae, and Moraxella-
ceae in FMNs were C–, N–, and Ca–containing compounds. 
The involvement of such families in the process of transfor-
mation of organic materials, both in the soil matrices and in 
FMNs, may indicate that the Mn concentration in the envi-
ronment does not influence the growth and reproduction of 
these bacteria.

The peculiarities of two bacterial families (Nitrospiraceae 
and Gallionellaceae) grouped on the basis of their relation-
ships with the K and Ca oxide contents in the soil matri-
ces were their involvement in the process of transforming 
organic materials in FMNs. In general, K and Ca ions play 
regulatory role in the physiology of prokaryotes (Epstein 
2003; Domínguez et al. 2015). These results might indicate 
that the involvement of Nitrospiraceae and Gallionellaceae 
in the process of organic matter transformation is based 
primarily on the presence of Ca in the organic complexes 
within the FMNs. The abundance of the Nitrosomonadaceae 
family was controlled by the K and Ca oxide contents both 
in the soil matrices and in FMNs, which indicates their resis-
tance to changes in external microenvironmental factors.

The Comamonadaceae and Xanthomonadaceae family 
abundance showed similar variations under changes in the 
environment. The main activity of these bacterial families 
in FMNs is associated with organic compounds transforma-
tion, while in the soil matrices, the main parameter influ-
encing the abundance of the two families is the content of 
Co, and for Xanthomonadaceae abundance, an additional 
parameter is the Mn/Fe ratio. These results demonstrate that 
Fe‒Co complex formation in FMNs limits the participation 
of the Comamonadaceae and Xanthomonadaceae families 
in Co transformation.

In general, our results suggest flexible metabolism and 
high adaptive potential of the identified bacterial families, 
suggesting that many soil bacterial communities use mul-
tiple energy sources simultaneously or alternately (Liu et 
al. 2023a, b; Chen et al. 2021). Among the studied FMNs, 
most of the studied bacterial families were associated with 

abundance of these families in FMNs might be explained 
by the association of bacteria with Ca–bound humic and 
fulvic acids, which were identified in FMNs of the region 
under study (Timofeeva and Purtova 2024). The abundance 
of Solibacteraceae, Gemmatimonadaceae and Solirubrobac-
teraceae was affected by the MnO, K2O and Pb contents, 
and the Mn/Fe ratio in FMNs. This may be attributed to the 
increase in the requirement of these bacteria for Mn2+ under 
oxidative stress (Vandieken et al. 2012; Bosma et al. 2021). 
Compared with the host soil matrices, FMNs are more oxi-
dized microzones with a predominance of reduction pro-
cesses in soil (Gasparatos et al. 2019; Huang 2022; Huang et 
al 2023). The contents of Pb and K are mainly governed by 
Mn–rich compounds in the studied FMNs (Fig. 11). Most 
likely, Solibacteraceae, Gemmatimonadaceae, and Soliru-
brobacteraceae used Pb and K in the composition of complex 
compounds with Mn. The abundance of the Solirubrobacte-
raceae family in FMNs was related to the larger number of 
studied parameters (MnO, Mn/Fe, K2O, Pb, SOC, and TN), 
which may be due to the more high metabolic versatility. 
The relative abundance of the Pyrinomonadaceae, Xantho-
bacteraceae, and Solirubrobacterales (67 − 14) families was 
positively correlated with the content of CaO in FMNs. This 
may explain the role of Ca ions and Ca–binding proteins 
in the physiological adaptations of bacteria in response to 
changes in the environment and the volume and composi-
tion of available nutrients (Domínguez et al. 2015).

For some bacterial families in the correlation group asso-
ciated with Mn in the soil matrix, changes in parameters 
controlling their abundance in FMNs were found. Previous 
studies have shown that Mn cations are involved in essen-
tial bacterial physiological processes such as metabolism, 
photosynthesis, antioxidation, and protection from environ-
mental insults (Tebo et al. 2005; Hansel 2017; Bosma et al. 
2021). Among the fifteen Mn–transforming bacterial fami-
lies in the soil matrix, only five families (Anaeromyxobac-
teraceae, Oxalobacteraceae, Burkholderiales (B1 − 7BS), 
Geodermatophilaceae, and Sporichthyaceae) participate in 
the Mn transformation process in FMNs. Most likely, these 
families may consider manganese–centric bacteria that use 
Mn as a cofactor for the formation of diverse enzymes. How-
ever, analysis of literature data has shown that the five men-
tioned bacterial families have not been previously attributed 
to manganese–centric bacteria. The abundance of four other 
bacterial families (Enterobacteriaceae, Lachnospiraceae, 
Nocardiaceae, and Beijerinckiaceae), related to Mn–trans-
forming processes in the soil matrices, in FMNs was asso-
ciated mainly with C–, N– and Ca–containing compounds 
and less with Fe–rich compounds and Fe–bounded Cr and 
Co ions. These results might indicate that Mn–rich nodule 
compounds are not suitable for inclusion in intracellular 
processes by these bacterial families. Although manganese 
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weakly crystallized Mn–rich compounds of FMNs, as dem-
onstrated by Ali et al. (2025). The probable result of Mn–
rich compounds biomineralization could be the formation 
of lamellar pseudocrystalline structures presented by birnes-
site in the internal zone of FMNs (Fig. S1). Ali et al. (2025) 
reported that Mn–oxidizing bacteria promote the formation 
and growth of Mn–rich minerals by catalyzing the oxidation 
of Mn2+ to Mn4+ by bacterial enzymes in FMNs. In addition 
to the direct involvement of eight mentioned bacterial fami-
lies in Mn transformation, these bacteria are involved in the 
processes of Pb transformation, which could influence the 
accumulation of Pb in FMNs and Pb cycling in soils.

The non–significant positive relationship between the 
abundance of seven bacterial families (Beijerinckiaceae, 
Nocardiaceae, Rhizobiales (Amb − 16S − 1323), Muribacu-
laceae, Lachnospiraceae, Enterobacteriaceae, and Gallionel-
laceae) and the content of Fe–rich compounds indicates an 
indirect influence of bacteria on Fe transformation in FMNs. 
On the basis of the specialization of these bacterial families 
in FMNs, bacteria most likely use iron ions that are released 
due to the degradation of Fe–organic complex compounds. 
Our previous studies identified the presence of Fe–organic 
compounds in FMNs (Timofeeva and Purtova 2024). The 
identified Mn–transforming bacterial families may also 
have an indirect impact on Fe–rich compounds in FMNs. 
Biogenically formed Mn–rich compounds in the internal 
zone of FMNs serve as ideal sites for the precipitation of 
Fe due to an increase in the oxidation rate of Fe2+(Luo et al. 
2018; Gasparatos et al. 2019). Additionally, this confirmed 
the presence of unstable slightly crystallized mineral (fer-
oxyhyte) in the studied FMNs (Fig. S1). Feroxyhyte mainly 
form in FMNs during the combined biogenic deposition of 
oxidized Fe and Mn forms (Vodyanitskii and Sivtsov 2004).

5  Conclusions

The predominant bacterial classes in the studied soil matrix 
and nodule samples were Alphaproteobacteria and Gam-
maproteobacteria belonged to the phylum Proteobacteria; 
Thermoleophilia belonged to the phylum Actinobacteria; 
and Acidobacteriae belonged to the phylum Acidobacteria. 
The vertical differentiation of bacterial relative abundance 
related that Thermoleophilia and Acidobacteriae classes 
were mainly localized in the soil matrix and nodule samples 
from the upper horizons and the Alphaproteobacteria class 
in the samples from the upper and middle horizons, whereas 
the Gammaproteobacteria class significantly increased with 
increasing soil depth. Additionally, the soil matrices and 
FMNs from the upper and middle parts of the soil profiles 
were characterized by high relative abundance of phyla such 
as Verrucomicrobia (class Verrucomicrobiae), Firmicutes, 

either the process of organic matter transformation (six-
teen families) or the transformation of Mn–rich compounds 
(eight families) (Fig. 11). We observed a negative correla-
tion between the content of Mn oxides and the SOC and 
TN contents in FMNs (Fig. 11). This result might indicate 
the specialization of the nodules bacterial community in 
the transformation of organic and inorganic compounds. 
The FAPROTAX–based functional predictions showed 
that ten bacterial families associated with the SOC and TN 
contents in FMNs were chemoheterotrophs. According to 
the FAPROTAX functional assemblages, degradation of 
the primary complex organic compounds trapped from 
the soil matrix within FMNs might be promoted by the 
Xanthomonadaceae, Beijerinckiaceae, and Nocardiaceae 
families. Products of organic matter degradation reactions 
could be substrates for the growth of fermentative bacteria 
(Comamonadaceae, Lachnospiraceae, and Enterobacteria-
ceae families) capable of converting more simple organic 
compounds into organic acids, alcohols, and gases. Aerobic 
chemoheterotrophs (Hyphomicrobiaceae, Reyranellaceae, 
Chthoniobacteraceae, and Solirubrobacteraceae families) 
can be involved in the further decomposition of organic 
acids and alcohols. The function of the Nitrososphaeraceae 
family predicted with FAPROTAX was related to aerobic 
ammonia oxidation and nitrification in FMNs. For five bac-
terial families associated with organic compounds content 
in FMNs (Muribaculaceae, Gallionellaceae, Nitrospira-
ceae, Rhizobiales (Amb − 16S − 1323), and Burkholderiales 
(A21b)), functional groups were not identified via FAPRO-
TAX analysis.

The manganese oxidation function was annotated only 
for the Geodermatophilaceae family associated with Mn–
rich compounds in FMNs. Among the other bacterial fami-
lies associated with mainly Mn–rich compounds in FMNs, 
the FAPROTAX analysis predicted that the function of the 
Oxalobacteraceae family was relevant to nitrogen fixation 
and ureolysis. The six bacterial families (Solirubrobacte-
raceae, Anaeromyxobacteraceae, Gemmatimonadaceae, 
Solibacteraceae, Sporichthyaceae, and Burkholderiales 
(B1 − 7BS)) associated with Mn–rich compounds in FMNs 
were not associated with any functional groups according 
to the FAPROTAX analysis results. According to the Mn 
distribution within the FMNs, we suggest that the optimal 
zones for the location and function of the Mn–transforming 
bacterial families were the internal zone of the FMNs, which 
preferentially occurring dehydration of the Mn–rich oxyhy-
droxides, and the microareas of the FMNs in the outer zone, 
which had high concentrations of newly precipitated Mn 
compounds. On the basis of the strong association of bacte-
rial abundance with Mn–rich compounds, the identified bac-
terial families might influence the biologically controlled 
and biologically induced biomineralization of amorphous or 
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Mn–transforming bacterial families to the biogenic aspect 
of nodules formation in the studied soils.

The mentioned changes in the relationships between 
the different parameters in the soil matrices and FMNs and 
abundance of bacterial families suggest that the same bacte-
rial families are able to participate in the biogeochemical 
cycles of different elements due to the metabolic versatility 
and adaptation of microorganisms to different environmen-
tal conditions.
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