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Abstract: Karst caves are important karst landforms, serving as natural laboratories to
investigate deep biosphere. Despite the diverse microorganisms, little is known about
microorganisms capable of fixing nitrogen in the permanent darkness and oligotrophic karst
caves. [Objective] To reveal the composition of nitrogen-fixers and their correlation with
biotic and abiotic factors in karst caves. [Methods] We collected samples from overlying soils,
loose sediments, and weathered rock inside the Heshang Cave, Hubei Province, and conducted
high-throughput sequencing of nifH responsible for nitrogen fixation. [Results] The
nitrogen-fixing bacteria had the highest alpha diversity in the overlying soils and the lowest a
diversity in the sediments. K*, NO,, and NO; were the main factors impacting the
nitrogen-fixing bacteria, which showed high specificity for habitats. Bradyrhizobium widely
distributed in all habitats with high relative abundance. Geobacter dominated in the overlaying
soil, whereas Azotobacter was dominant in the sediments. Geobacter, Azotobacter, and
Halorhodospira had similar relative abundance in weathered rock samples. The co-occurrence
network analysis showed that the nitrogen fixers had closely positive correlations, suggesting
their cooperative survival strategy under the oligotrophic conditions. It was noted that a large
proportion of nitrogen fixers cannot be classified, which indicated rich novel nitrogen fixers in
the caves, hot spots for studying microbial dark matter. [Conclusion] Our study revealed the
composition and structure of the nitrogen-fixing microbial community and their correlations
with environmental variables in the underground dark oligotrophic Heshang Cave. The findings
are of great significance for the in-depth understanding of the nitrogen cycle in deep biosphere.
Keywords: karst caves; nitrogen-fixing microorganisms; nifH; nitrogen cycle; co-occurrence
network; habitat specificity
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Figure 1

Community structure and alpha diversity of N,-fixing bacterial communities from different

habitats in the Heshang Cave, Hubei Province. A: The relative abundances of the top ten phyla. B: The
relative abundances of the top 15 genus. C: The Chaol index of N,-fixing bacterial communities. D: The
Shannon index of N,-fixing bacterial communities. W: Weathered rocks; S: Sediments; OS: Overlying soils;
SP: Sediments in the photic zone; WP: Weathered rock samples in the photic zone; SD: Sediments in the dark
zone; WD: Weathered rock samples in the dark zone; SA: Sediments in the aphotic zone; WA: Weathered
rock samples in the aphotic zone; CT: Overlying soils above the cave; FL: Farmland soil. The same below.
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Cave, Hubei Province.
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Figure 3 Redundancy analysis (RDA) (A) and the heatmap (B) of N,-fixing communities and environmental
parameters in the Heshang Cave, Hubei Province. *, ** *** represents P<0.05, P<0.01 and P<0.001,

respectively.
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Figure 4 Co-occurrence networks of the N,-fixing communities in Heshang Cave (based on Spearman’s
correlation between OTUs), Hubei Province. All the connections have a correlation coefficient >|0.6| and a
P<0.05. Nodes were colored by modules (A) and by bacterial phylum (B). C: The relative abundances of
OTUs in different niches within individual modules. Positive links are in pink and negative one in green. W:
Weathered rocks; S: Sediments; OS: Overlying soils.
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