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Abstract. While nitrogen (N) addition is known to alter microbial community structure and activity, it
remains unknown how it affects the soil N-fixing community, particularly in karst ecosystems. This study
implemented a field control experiment in the Nonggang karst region of Guangxi Province, with three
distinct N addition treatments: control (CN, 0 kg N ha™! yr™), low N (LN, 50 kg N ha™! yr'), and high N
(HN, 100 kg N ha™! yr"). The response of N-fixing microbial composition and community structure was
examined through nifH gene amplicon sequencing. Our results demonstrated that N addition significantly
increased the Shannon diversity of the N-fixing community (p < 0.05) and markedly altered the
community structure as evidenced by PCoA analysis results (R? = 0.379, p = 0.001). LN treatment led to
a significant increase in the relative abundance of both the Firmicutes and Cyanobacteria phylum. In
contrast, the Bradyrhizobium genus exhibited a different response pattern: its abundance was significantly
reduced under both LN and HN treatments. LEfSe analysis further identified several differentially
abundant biomarker taxa under different N addition treatments. This study confirmed that exogenous N
addition can profoundly alter the composition of the soil N-fixing microbiome in karst areas, which may
have a profound impact on N cycling processes and sustainability in this ecosystem.
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Introduction

Karst ecosystems are inherently fragile, with poor soil quality, and their nutrient
cycling, especially the nitrogen (N) cycling, is highly susceptible to external N input
interference (Chen et al., 2019). In light of continuous and often irrational applications
of N fertilizers over time, elevated N inputs have profoundly impacted karst
ecosystems. Preliminary studies have begun exploring how N addition affects karst
plant communities, as well as soil carbon cycles, among other aspects (Wang et al.,
2023a; Yuan et al., 2025). Nevertheless, the impact on key microbial functional groups
within soils, especially nitrogen-fixing microorganisms, remains poorly understood.

The N fixation by microorganisms can convert molecular N into ammonia and other
N-containing compounds (Kariman et al., 2022). Microbial N fixation is a crucial
process for N input and plays a significant role in the N cycle (Dixon and Kahn, 2004).
Soil N-fixing microorganisms exhibit various survival strategies, including autotrophs
and symbiosis, and are widely distributed across terrestrial ecosystems (Fierer et al.,
2007, 2011). Their metabolic activity is highly responsive to the soil’s N status: in
natural or low-N environments, their N fixation is often activated to mitigate N
limitations; Conversely, the application of exogenous N fertilizers may induce feedback
inhibition of their activity (Yang et al., 2024).

The application of N fertilizer is a critical strategy for achieving high crop yields in
modern agricultural practices. However, extensive and frequent applications have
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significantly impacted soil ecosystems (Wang et al., 2018; Zhong et al., 2020). Existing
studies indicate that external N inputs can lead to alterations in the community structure of
N-fixing microorganisms (Liu et al., 2020; Zhang et al., 2022). This typically manifests as a
simplification of microbial communities involved in N fixation along with a succession
trend towards dominance by eutrophic microorganisms. In forest and grassland ecosystems,
the addition of N generally results in reduced diversity among N-fixing microbes while
increasing the relative abundance of Proteobacteria (Zeng et al., 2016; Ling et al., 2017).
Nevertheless, under certain extreme environmental conditions, these communities may
display different trajectories of change (Sinsabaugh et al., 2015). Studies have demonstrated
that N-fixing microorganisms present in karst soils predominantly exhibit heterotrophic
characteristics and primarily belong to the phyla Proteobacteria, Firmicutes, and
Cyanobacteria (Qi et al., 2025). Their genomes frequently contain the nifH gene responsible
for encoding nitrogenase and have developed unique adaptive mechanisms over time (Reed
et al., 2010; Kumar et al., 2017). However, driven by exogenous nitrogen input, how will
the community structure, diversity, and key groups of N-fixing microorganisms change in
karst soil? This gap represents a significant area for further research.

In this study, we conducted a short-term field experiment involving N additions at
multiple levels (0, 50, and 100 kg N ha! yr'!) in a typical karst region of Nonggang in
Guangxi Province. The objective was to elucidate the response patterns of N-fixing
microorganisms in karst soil under conditions of N deposition while systematically
exploring several scientific questions: (1) How does N addition affect the diversity of
the N-fixing microbial community in karst soil? (2) Does and how does N addition
change the community composition of N-fixing microorganisms and screen out the key
biomarker groups that are sensitive and tolerant?

Materials and methods
Study site

The field experiment on N addition was carried out in an area located at coordinates
106°48'E and 22°31'N within Nonggang, Chongzuo City, Guangxi Province—an area

characterized by typical karst landforms. The climate is subtropical monsoon with an
annual average temperature ranging from approximately 20°C to 28°C; additionally, the soil
is classified as calcareous. Dominant above-ground plant species found in this region
include Alocasia macrorrhiza, Bidens pilosa, Pueraria lobata, Cipadessa baccifera,
Alchornea trewioides, Vitex kwangsiensis, Amoora yunnanensis, Cleistanthus sumatranus,
Ficus hispida, Excentrodendron tonkinense, Deutzianthus tonkinensis, Litsea variabilis, etc.

Soil treatment and sample collection

The soil N addition experiment included three treatments: control (no N addition,
CN), low N (50 kg N ha! yr!, LN), and high N (100 kg N ha! yr!, HN). The N
addition levels were selected based on their consistency with experimental gradients
used in previous karst ecosystem studies (Duan et al., 2023; Li et al., 2025), thereby
facilitating cross-study comparisons. Additionally, the design was informed by the
regional nitrogen deposition rate (<100 kg N ha! yr!) as reported by Wen et al. (2020).
The N was added in the form of CH4N2O and applied in two equal amounts in April and
October 2023. To minimize cross-interference between sample plots, a distance of 10 m
was maintained between each treatment plot.
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Soil samples were collected in May 2024. Each treatment included six replicates,
resulting in a total of 18 samples. Soil samples from 0 to 10 cm above the surface were
collected using the diagonal sampling method. After removing visible litter, root
systems, and stones, each sample was placed into a sterile 50 mL centrifuge tube and
immediately frozen on dry ice for storage. Upon returning to the laboratory, the samples
were stored at -80°C until DNA extraction could be performed.

DNA extraction and PCR amplification

For each soil sample, an aliquot of 0.3 g of dry weight soil was used for total
genomic DNA extraction utilizing a DNA extraction kit. The quality and concentration
of the extracted DNA were assessed using NanoDrop One (Thermo Fisher Scientific,
MA, USA). The nifH gene fragment was amplified via real-time polymerase chain
reaction (PCR) employing forward primer nifHF
(AAAGGYGGWATCGGYAARTCCA) and reverse primer nifHR
(TGSGCYTTGTCYTCRCGGATBGGCAT), yielding an amplification product
approximately 400 bp in length. The PCR mixture consisted of a total volume of 50 pL
containing: 3 pL of DNA template (20 ng/uL), 1 pL of each forward and reverse
primer (10 uM), along 25 pL of 2x Premix Taq; nuclease-free water was added to
complete the volume. Amplification conditions involved: 5 min at 94°C for
initialization; 30 cycles of 30 s denaturation at 94°C, 30 s annealing at 52°C, and 30 s
extension at 72°C; followed by 10 min final elongation at 72°C. Sequence generation
was conducted on the Illumina Nova6000 platform.

The generation of the operational taxonomic unit (OTU) table was conducted
following the UPARSE pipeline. OTU sequences were selected at a 97% sequence
similarity threshold and subsequently aligned with reference sequences. Sequences
exhibiting poor alignment performance were discarded. Following this, all OTU
sequences underwent manual verification to eliminate chimeras and pseudogenes.

Statistical analyses

Statistical and graphical analyses were performed within the R environment (Team,
2023). The a-diversity of nitrogen-fixing communities across different treatments was
assessed using the Shannon-Wiener diversity index and Chaol index, with calculations
performed via the vegan package (Oksanen et al., 2022). To evaluate B-diversity,
principal coordinate analysis (PCoA) based on Bray-Curtis distance was employed
through the vegan package. Additionally, permutational multivariate analysis of
variance (Adonis) was utilized to assess differences among treatments. The linear
discriminant analysis effect size (LEfSe) was applied to identify biomarkers of each
treatment (Segata et al., 2011). Furthermore, linear discriminant analysis (LDA) was
implemented to evaluate the impact of significant species (Zhao et al., 2024), employing
a logarithmic LDA score cutoff of >2.0 and a Kruskal-Wallis test p-value <0.05. All
graphs were generated using the ggplot2 software package (Hadley et al., 2016).

Results
Soil N-fixing microbial community structure in response to N addition

The relative abundance of N-fixing microorganisms exhibited sensitivity to N
addition. At the phylum level (Fig. /a), regardless of the treatment, the Proteobacteria,
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Cyanobacteria, and Firmicutes were consistently dominant across CN, LN, and HN
treatments; however, the relative abundance of Proteobacteria exhibited a slight
decrease in the LN treatment that was not statistically significant. In comparison to CN,
both Cyanobacteria and Firmicutes showed a significantly increased relative abundance
in LN (p < 0.05), while a decline in Cyanobacteria was noted in HN that did not reach
statistical significance. At the genus level (Fig. 1b), taxonomic patterns among different
treatments were more complex: Compared to the CN treatment, the relative abundance
of Bradyrhizobium significantly decreased in both LN and HN (p < 0.05). Conversely,
Hyphomiocrobium and Sulfurivermis experienced significant increases (p < 0.05). In
addition, Paenibacillus also showed a notable increase in LN (p < 0.05), while Azoarcus
significantly increased in HN (p < 0.05). A specific comparison between LN and HN
treatments revealed a decline in Calothrix within HN; meanwhile, Hyphomiocrobium
and Azoarcus experienced increases that were not statistically significant.
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Figure 1. Relative abundance and composition of the N-fixing microbial community containing
the nifH gene at the phylum level (a) and genus level (b) in the three N addition treatments

Effects of N addition on the diversity of N-fixing microbial communities

N addition had differential effects on diversity indices of the soil N-fixing microbial
community. Although no significant differences were detected for the Chaol index across
treatments (p > 0.05, Fig. 2a), both LN and HN treatments significantly increased the
Shannon index when compared to CN (p < 0.05, Fig. 2b). However, there was no
significant statistical difference between the Shannon index for LN and HN treatments.

Beta diversity analysis further demonstrated a significant effect of N application on
the community structure of N-fixing microorganisms. Principal coordinate analysis
(PCoA) based on Bray-Curtis distances showed clear separation among samples under
different N treatments (Adonis, R? = 0.379, p= 0.001), indicating that N addition
explained 37.9% of the variation in community structure (Fig. 3). The first principal
coordinate (PCoAl) explained 36.5% of this variance, while the second (PCoA2)
accounted for an additional 11.33%. These results suggest that although N application
did not alter the richness of N-fixing microbial communities, it significantly enhanced
community diversity and markedly reshaped their community structure.
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Figure 2. Comparison of nitrogen-fixing microbial alpha-diversity under different nitrogen
addition treatments: (a) Chaol index and (b) Shannon index
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Figure 3. Principal coordinate analysis (PCoA) of N-fixing community compositions (OTU
level) under different N addition treatments

Biomarker under different N addition treatments

LEfSe analysis revealed significant differences in the composition of soil N-fixing
microbial taxa among the three N addition treatments (LDA score (log 10) >2.0,
Kruskal-Wallis test p < 0.05; Fig. 4). Specifically, three biomarkers (Bradyrhizobiaceae
class, Hyphomicrobiales order, and Bradyrhizobium genus) were found to be enriched
in the CN treatment. Under the LN treatment, a total of 28 taxa were identified as
significantly enriched biomarkers across multiple taxonomic levels, including the
Cyanobacteria phylum, Bacilli class, Nostocales order, Paenibacillaceae family, and
Geomonas genus. Most of these microorganisms were oligotrophic or facultative
trophic bacteria, indicating that the low N addition may confer a selective advantage for
these taxa. In contrast, the HN treatment resulted in the detection of 30 specific
biomarkers, among them were copiotrophic bacteria such as the Enterobacterales order,
Enterobacteriaceae family, Erwiniaceae family, and Pantoea genus. This indicates that
high N input significantly promoted the enrichment of microbial taxa capable of rapidly
utilizing abundant nutrient resources.
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Figure 4. Differentially abundant N-fixing bacterial taxa as assessed using LEfSe analysis in
the three N addition treatments of karst soils

Discussion

This study investigated the changes in the community structure of N-fixing
microorganisms in karst soil under different levels of N addition. The findings revealed
significant differences in the response patterns of different taxonomic units to N input.
Specifically, the Proteobacteria, Cyanobacteria, and Firmicutes emerged as the
dominant phyla in the N-fixing microbial communities of karst soil. N addition was
found to alter the composition of soil N-fixing microbial community, leading to
alterations in the relative abundance of specific taxa. For example, our results indicated
that the relative abundance of the Firmicutes increased under LN treatment, while the
Verrucomicrobia exhibited a slight decline. This suggests that N addition can increase
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the relative abundance of eutrophic bacteria (such as the Firmicutes) at the expense of
oligotrophic bacteria (such as the Verrucomicrobia), by alleviating their N limitation
(Meng et al., 2019; Hu et al., 2021), which is consistent with our observations. In
addition, notable differences were observed in N-fixing community structures resulting
from various levels of N addition. For example, while the Cyanobacteria showed an
increase in relative abundance under LN treatment, their abundance declined when
exposed to HN conditions. These findings corroborate previous studies indicating that
added N exerts a gradient effect on different N-fixing microorganisms (Zhu et al., 2018;
Wang et al., 2022; Liu et al., 2020).

The experiments involving N addition conducted during this study took place
within karst ecosystems characterized by relatively poor nutrient availability where
microbial populations are typically constrained by limited sources of N (Yang et al.,
2023b). Notably, there was no significant impact on the Chaol index for the N-fixing
community due to N addition, suggesting that such additions did not substantially alter
species richness within this soil community. This outcome aligns with findings
reported by Wang et al. (2023b), indicating that the number of species may not be
sensitive to N input in the short term. Compared to CN treatment, both LN and HN
treatments significantly increased the Shannon diversity index. This enhancement can
be attributed to the additional N input alleviating the N source limitation for
microorganisms, thereby promoting the diversity of soil N-fixing microbial
communities (Averill and Waring, 2018). This finding aligns with previous research
indicating that N input fosters the growth of originally N-restricted microbial groups
(Yang et al., 2023a; Duan et al., 2023). In contrast, Cao et al. (2024) reported a
decrease in bacterial diversity within subtropical forest following N additions,
suggesting that the effects of N addition on bacterial diversity are variable and likely
dependent on site-specific conditions.

Furthermore, this study demonstrated that N addition significantly changed microbial
community structure, which may be associated with varying levels of N application.
Different treatments also resulted in distinct microbial biomarkers within soil N-fixing
communities. These variations could be explained by changes in certain taxa sensitive
to N addition. The CN treatment was characterized by oligotrophic taxa such as the
Bradyrhizobium, consistent with prior studies indicating that nutrient-poor soils favor .-
strategists adapted to nutrient scarcity (Gao et al., 2025). These organisms potentially
rely on symbiotic N fixation as a compensatory mechanism for limited exogenous N
inputs, an adaptive strategy commonly observed in unfertilized ecosystems. In contrast,
the LN treatment exhibited a distinct profile dominated by N-fixing bacteria
(Azospirillum, Derxia) and the Cyanobacteria (Nostocales). This indicates that moderate
N application can stimulate autotrophic organisms to fix atmospheric N> effectively
while enhancing overall microbial-driven N supply. Yin et al. (2025) also noted that
short-term N addition might effectively alleviate soil nutrient limitations; thus,
responses among oligotrophic and copiotrophic microbial taxa differ based on their
ecological strategies regarding N availability. Conversely, HN treatment was associated
with an enrichment of copiotrophic r-strategists such as the Enterobacteriaceae and
Bacillus, alongside numerous taxa involved in anaerobic processes like the
Desulfobulbus and Denitromonas. This pattern aligns with existing concepts positing
that excessive N input promotes the growth of fast-growing microorganisms while
simultaneously increasing oxygen consumption through enhanced microbial activity,
leading to microsite anaerobiosis.
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Conclusions

This study demonstrated that short-term N addition significantly altered the
community structure of N-fixing microbes in a karst region of southern China. The
input of N has enhanced the dominance of N-sensitive microbial taxa, thereby
facilitating the emergence of a more diverse microbial community. Furthermore, while
short-term N addition did not affect Chaol richness, it did increase the Shannon index
of N-fixing communities. Different levels of N addition markedly influenced the
biomarkers of soil N-fixing microbial communities. Our study was conducted through
short-term field experiments. Moving forward, it will be essential to monitor the impact
of continuous N addition on soil N-fixing microbes to provide a foundation for
predicting changes in environmental conditions in karst areas resulting from N
enrichment.
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