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Abstract

L.

Bacteria and fungi are core microorganisms in diverse ecosystems, and their cross-kingdom

interactions are considered key determinants of microbiome structure and ecosystem

functioning. However, how bacterial-fungal interactions mediate soil organic carbon (SOC)

dynamics remains largely unexplored in the context of artificial forest ecosystems.

Here, we characterized soil bacterial and fungal communities in four successive planting of

Eucalyptus and compared them to a neighboring evergreen broadleaf forest. Carbon (C)

mineralization combined with five C-degrading enzymatic activities was investigated to

determine the effects of successive planting of Eucalyptus on SOC dynamics.

Our results indicated that successive planting of Eucalyptus significantly altered the diversity

and structure of soil bacterial and fungal communities and increased the negative bacterial-

fungal associations. The bacterial diversity significantly decreased in all Eucalyptus

plantations compared to the evergreen forest, while the fungal diversity showed the opposite

trend. The ratio of negative bacterial-fungal associations increased with successive planting

of Eucalyptus due to the decrease in SOC, ammonia nitrogen (NH,*—N), nitrate nitrogen

(NO3™—N), and available phosphorus (AP). Structural equation modeling indicated that the

potential cross-kingdom competition, based on the ratio of negative bacterial-fungal

correlations, was significantly negatively associated with the diversity of total bacteria and

keystone bacteria, thereby increasing C-degrading enzymatic activities and C mineralization.

Synthesis and applications: Our results highlight the regulatory role of the negative bacterial-

fungal association in enhancing the correlation between bacterial diversity and C

mineralization. This suggests that promoting short-term successive planting in the
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management of Eucalyptus plantations can mitigate the impact of this association on SOC
decomposition. Taken together, our study advances the understanding of bacterial-fungal
negative associations to mediate carbon mineralization in Eucalyptus plantations, giving us a
new insight into SOC cycling dynamics in artificial forests.
Keywords: Successive planting of Eucalyptus; bacterial-fungal associations; total bacterial
diversity; keystone bacterial diversity; soil enzymatic activities; carbon mineralization; SparCC

network
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1 INTRODUCTION

The soil microbiome is a highly diverse ecosystem that is modulated by the dynamic interaction

of taxa with and across domains of life (Mould & Hogan, 2021). Microbial interactions have

recently received attention for their importance in mediating essential biochemical cycles in soils

that directly affect plant performance and productivity (Luo et al., 2019; Fan et al., 2021). Bacteria

and fungi have been described to be present in almost all ecosystems, and their spatial proximity

can lead to either synergistic or antagonistic interactions (Deveau et al., 2018; Maynard et al.,

2019). The bacterial-fungal associations can be modulated by antibiotic metabolism, signaling

molecules, protein secretion, and/or organismal modulation of the local physicochemical

environment (Velez et al., 2021; Ruan et al., 2022). Ecological bacterial-fungal associations are

important for the fitness and colonization rates of interacting partners, ultimately maintaining

microbial diversity in various environments (Ghoul & Mitri, 2016; Jiao et al., 2021b). However,

the patterns of bacterial-fungal associations that occur naturally in soils remain largely unknown.

Eucalyptus is widely planted in southern China, and most plantations have been established

as monocultures with multi-generational successive planting to achieve high timber production

(Xu et al., 2020). Long-term monoculture has caused numerous ecological problems, such as soil

degradation and loss of soil microbial diversity and ecosystem stability (Xu et al., 2021). Previous

studies have reported strong negative associations between the saprotrophic fungal and bacterial

community in Eucalyptus plantations (Chen et al., 2021). The changes in community diversity

and bacterial-fungal associations may largely depend on successive generations, as high

generations of Eucalyptus plantations substantially reduce soil fertility by reducing the inputs of

litter and root exudate (Ismaw et al., 2012; Veldkamp et al., 2020). Keystone taxa are considered

Confidential Review copy



54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

Journal of Applied Ecology

key components of microbial communities that regulate diversity and community functions

through high potential interactions (Trivedi et al., 2020). The presence of keystone species has

profound effects on the nature and magnitude of bacterial-fungal associations (Herren &

McMahon, 2018; Chen et al., 2019). Whether and to what extent successive planting of

Eucalyptus regulate microbial diversity and bacterial-fungal associations is an unanswered

question that has been overlooked in current management practices for years.

Soil organic carbon (SOC) is defined as the core property of soil, and SOC formation and

mineralization are central to climate regulation, food production, habitat conservation, and

nutrient cycling (Lehmann & Kleber, 2015). Understanding and quantifying the response of SOC

to bacterial-fungal associations is essential for regulating SOC dynamics (Mille-Lindblom &

Tranvik, 2003; Sokol et al., 2022). Bacterial-fungal cooperation is an important pathway for SOC

mineralization, and functional complementarity between these two groups may influence soil

carbon metabolic capacity (van der Heijden et al., 2016; Duran et al., 2018). However, bacteria

and fungi are known to share simple plant-derived substances (e.g., amino acids and sugars), and

antagonistic bacterial-fungal associations induced by substrate competition can enhance carbon

consumption and decomposition (de Boer et al., 2005; Cecilia et al., 2006). Microbial species in

highly competitive communities often grow with low carbon efficiency due to the high energy

invested in competition, suggesting that the strongly antagonistic interactions can cause high C

resource consumption (Becker et al., 2012; Maynard et al., 2017a). Keystone taxa have great

explanatory power for community function, and changes in keystone taxa diversity considerably

influence the strength and direction of SOC dynamics (Berry & Widder, 2014; Fan et al., 2021).

Bacterial-fungal co-occurrence patterns have long been of interest to microbial ecologists, but
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little attention has been paid to their impact on the microbial diversity-function relationships that

underlie SOC dynamics.

Eucalyptus has valuable economic importance in maintaining the world’s timber supply

(Hunter, 2001). Most Eucalyptus plantations in southern China are short-rotation (4—6 years), and

successive planting of Eucalyptus can cause soil degradation with nutrient losses of nitrogen,

phosphorus, and potassium (Temesgen et al., 2016; Zhu et al., 2019). In the present study, we

sought to assess the structure of soil bacterial and fungal communities and patterns of bacterial-

fungal co-occurrence potentially associated with SOC dynamics in response to successive

planting of Eucalyptus. Specifically, this study focused on testing three hypotheses: (i) the

successive planting of Eucalyptus will significantly affect the diversity and taxa co-occurrence

patterns of bacterial and fungal communities; (i) the negative bacterial-fungal associations will

decrease bacterial diversity in the successive planting of Eucalyptus, as well as the diversity of

keystone taxa; and (iii) the diversity and negative co-occurrence pattern of bacterial and fungal

communities will jointly improve SOC mineralization.

2 MATERIALS AND METHODS

Experimental site description

The experimental site is located in the state-owned Daguishan Forest Farm in Hezhou City,

Guangxi Zhuang Autonomous Region, China (111°20°5”’E, 23°58°33"’N). The mean annual

temperature in this area is 19.3°C, with mean annual precipitation and evaporation of 2,056 mm

and 1,200 mm, respectively. The soil type is classified as red soil (i.e., ferralsols). A total of 12

plots (20 m wide x 30 m long) were established to collect soil samples in triplicate representing

6
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four generations of Eucalyptus plantation. In each treatment, the Eucalyptus trees were at the
same stage of development (i.e., 4 years after planting). The treatments included the first
generation (PrG) of Eucalyptus reforestation, the second generation (SeG) regenerating after the
PrG was cut, the third generation (ThG) regenerating after the SeG, and the fourth generation
(FoG) regenerating after the ThG. An evergreen broadleaf forest with three adjacent plots was
selected as the control (CK), which was a precursor to the Eucalyptus plantation. All the plots
were located within a 5 km? area. The Eucalyptus species planted in these plots was a hybrid of

Eucalyptus urophylla S.T. Blake x Eucalyptus grandis Hill ex Maiden (Eucalyptus urograndis).

Soil sampling, physiochemical analysis, and microbial biomass

Fifteen soil cores were collected from each plot using the “S” line soil sampling strategy and then
mixed evenly as a composite sample. Soil samples were collected from 15 plots (5 treatments x
3 replicates) at a depth of 0—20 cm in July 2020. Samples were collected in sterile plastic bags
and immediately transported to the laboratory (<12 h). After sieving (< 4 mm), each sample was
divided for determination of soil chemical properties, the bacterial and fungal communities, soil
enzymatic activities and carbon mineralization.

Soil bulk density was determined using 43 cm? standard cylinders and by calculating total
porosity (Pt) and aeration porosity (Pa). Soil pH was determined using a glass electrode pH meter
(Sartorius, Germany) with a soil:water ratio of 1:2.5. Soil organic carbon (SOC) and total nitrogen
(TN) were determined using the K,Cr,0,-H,SO, oxidation method and the semi-micro Kjeldahl
method, respectively. Soil ammonium nitrogen (NH*—N) and nitrate nitrogen (NOs; —N)

concentrations were measured using a flow analyzer (Astoria-Pacific 2-channel flow analyzer).
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Total phosphorus (TP) and available phosphorus (AP) were determined by MoSb colorimetry,
and total potassium (TK) and available potassium (AK) were determined by flame
spectrophotometry. Soil cation exchange capacity (CEC) was determined using ammonium
acetate solution at pH = 7 (Sparks & Page, 1996). Soil microbial biomass carbon, nitrogen and
phosphorus (i.e. MBC, MBN and MBP) were measured by the chloroform fumigation method

(Jenkinson & Powlson, 1976).

Soil enzymatic activities and cumulative carbon mineralization
Five C-degrading enzymatic activities were determined, including B-1,4-glucosidase (BG, EC
3.2.1.21), sucrase (EC 3.2.1.26), B-xylosidase (BX, EC 3.2.1.37), B-N-acetylglucosaminidase
(NAG, EC 3.1.6.1), and acid phosphatase (ACP, EC 3.1.3.2) (Manju & Chadha, 2011; Chen et
al., 2018; Lustenhouwer et al., 2020). The activities of these hydrolytic enzymes were determined
using the 4-methylumbelliferyl (MUB), which produces the highly fluorescent cleavage products
MUB upon substrate hydrolysis. Assays were performed in 96-well microplates as described by
Bell et al (2013). Six replicates of each sample were set up, and each standard concentration
shared the same number of replicates. Assay plates were incubated in the dark at 25°C for 3 h,
and enzymatic activities in each plate were corrected using a quench control. A microplate
fluorometer (EnSpire 2300 Multilabel Reader, Perkin Elmer, Waltham, MA, USA) was used to
measure fluorescence using the 365 nm excitation and 460 nm emission filters. The enzymatic
activities were expressed as umol g! dry soil h™!.

Soil C mineralization potential was determined by microcosm incubation according to Ribeiro

et al. (2010). Briefly, a subset of air-dried soil samples (i.e., 20 g per sample) were adjusted and
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maintained (using distilled water) at a moisture content of 60% of field capacity and incubated in
500 mL sealed vessels with rubber septa at 25°C for 72 days. Each vessel was placed in a small
beaker containing 10 ml of 0.5 mol I"! NaOH solution to completely absorb CO, emissions from
the soil samples. After incubation for 1, 3, 5, 7, 10, 18, 26, 34, 42, 50, and 72 d, the beaker in each
vessel was carefully removed and replaced with 0.1 mol I"! HCI solution to titrate the remaining
NaOH. After each sampling, the jars were opened for 1 h to allow air exchange to restore normal
oxygen levels. Three jars without soil sample were collected simultaneously and served as
background controls. Potential C mineralization was calculated from the cumulative amount of C

produced per unit of soil (i.e., mg CO,-C per kg soil).

DNA extraction and high-throughput sequencing

Total DNA was extracted from 0.5 g soil samples using the MoBio PowerSoil DNA extraction
kit (Carlsbad, CA, USA) following the manufacturer’s protocol. DNA concentration and quality
were determined using a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies,
Wilmington, DE, USA). Illumina sequencing data of the bacterial 16S rRNA gene and the fungal
ITS region were used to determine the diversity, composition, and network structure of the soil
bacterial and fungal communities. The bacterial 16S rRNA gene and the fungal ITS region were
sequenced using the primer sets 338F/806R (Lee et al., 2012) and ITS1-1737F/ITS2-2043R
(Bazzicalupo et al., 2013), respectively. Quantitative Insights into Microbial Ecology (QIIME,
version 1.9.1) software was used for quality screening and trimming of the raw sequence data
(Caporaso et al., 2010). Filtered reads were subjected to de novo chimera detection in UCHIME

(Edgar et al., 2011), and frame shifts using HMM-FRAME (Zhang et al., 2011). Community-
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level analysis for the 16S rRNA gene and the fungal ITS region was based on operational

taxonomic units (OTUs) with 97% nucleotide identity (He et al., 2015). Taxonomy was assigned

to bacteria and fungi using the Basic Local Alignment Search Tool (BLAST) for each

representative sequence against the Silva Release 128 and UNITE version 6.0 databases,

respectively (Quast et al., 2013; Koljalg et al., 2013). Alpha diversity and beta diversity (based

on Bray-Curtis distances) of soil bacterial and fungal communities were calculated after rarefying

to 26,074 and 58,017 sequences per sample, respectively.

Statistical analyses

One-way analysis of variance (ANOVA) was used to test for differences in soil properties,

microbial biomass, fungal and bacterial diversity, enzymatic activity, and C mineralization rates

using the Bonferroni’s post hoc test in SPSS 20.0 (SPSS, Chicago, IL, USA). Metrics of bacterial

and fungal alpha diversity (i.e., Shannon index and Chaol richness) and principal coordinate

analysis (PCoA) were calculated using the ‘vegan’ package in R (R 4.0.3, R Development Core

Team). The multiple regression model (Im function in ‘stats’ package) and variance

decomposition analysis (calc. relimp function in the ‘relaimpo’ package) were used to estimate

the importance of soil physicochemical properties in explaining variation in fungal and bacterial

diversity and differences in microbial biomass (Gromping, 2006). Permutational multivariate

analysis of variance (PERMANOVA) based on Bray-Curtis dissimilarity was used to examine

differences between treatments.

We constructed bacterial-fungal co-occurrence networks using SparCC with the iNAP

network analysis pipeline (Feng et al., 2022). Only OTUs with >12 occurrences (from a total of

10
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15 samples) were retained for network analysis. The co-occurrence of OTUs was determined with

parameters of » > 0.7 or » <—0.7 and P < 0.05 (Friedman & Alm, 2012). The P values below 0.05

were subjected to a test correction using the Benjamini-Hochberg procedure to prevent false

correlations. We extracted subnetworks by preserving the OTUs (including edges between these

OTUs) present in individual soil samples using the ‘induced subgraph’ function in the ‘igraph’

package (Ma et al., 2015; Jiao et al., 2021a). Significant co-occurrences were plotted and

visualized using Gephi (0.9.1) (Bastian et al., 2009). Nodes indicate individual OTUs, and edges

represent the pairwise associations between nodes. Network modules were clusters of closely

related nodes obtained using the molecular complex detection based on the Cytoscape platform

(Bader et al., 2003). We identified two topological parameters: the within-module connectivity Z;

and the among-module connectivity P;. All nodes were classified as network hubs (Z; > 0.25, P, >

0.62), module hubs (Z; > 0.25, P; < 0.62), connectors (Z; < 0.25, P; > 0.62), or peripherals (Z; <

0.25, P;<0.62) (Olesen et al., 2007). Consequently, nodes with either a high value of Z or P were

defined as potential keystone taxa, including network hubs, module hubs, and connectors.

Random forest modeling was used to quantitatively evaluate the relative importance of soil

abiotic and biotic properties on carbon mineralization. Soil abiotic properties included soil pH,

TN, TP, TK, NO;—N, NH;*—N, AP, AK, CEC, bulk density, Pt, and Pa, while biotic properties

included the biomass, diversity, and composition of bacterial and fungal communities, bacterial-

fungal network, and enzymatic activities. Microbial biomass was characterized by MBC, MBN

and MBP. The Shannon index and Chaol richness were used for bacterial and fungal diversity.

The first principal coordinate (PCoA1l) was used as a parameter to explain the variations in soil

bacterial and fungal communities. The hydrolytic enzymes B-1,4-glucosidase, B-xylosidase, acid

11
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phosphatase, sucrase and -N-acetylglucosaminidase were used as enzymatic activities. The
bacterial-fungal network was used to extract the number of negative:positive associations of
bacterial-bacterial, fungal-fungal, and bacterial-fungal OTUs. Structural equation modeling
(SEM) was performed to examine the influence of soil properties and microbial community
structure on C mineralization and SOC dynamics. Based on the random forest analyses, the
significant (P < 0.05) predictors were further selected to perform structural equation modeling
(SEM) analysis. SEM analysis was conducted using the robust partial least squares evaluation
method with AMOS 20.0 (AMOS IBM, USA). SEM fitness was assessed based on a non-
significant chi-square test (P > 0.05), the goodness-of-fit index, and the root mean square error of

approximation (Byrne, 2010).

3 RESULTS

Soil properties, enzymatic activities, and carbon mineralization

Successive planting of Eucalyptus significantly affected soil physicochemical properties (F. 19)=
3.54~291.89, P <0.05). Soil pH, soil organic carbon (SOC), total nitrogen (TN), total phosphorus
(TP), ammonium nitrogen (NH,"—N), and available potassium (AK) were significantly (P < 0.05)
lower in Eucalyptus plantations (PrG, SeG, ThG and FoG treatments) compared to the control
treatment (CK) of the evergreen forest. However, these soil properties also tended to decrease
with successive planting of Eucalyptus (Fig. 1a, Table 1). Nitrate nitrogen (NO;—N), total
potassium (TK) and available phosphorus (AP) also significantly decreased (P < 0.05) over the
years of Eucalyptus planting. Cation exchange capacity (CEC) ranged from 15.92 to 21.77 cmol

kg™!, with a significantly higher value (P < 0.05) in PrG and SeG treatments compared to CK
12
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treatment. No significant differences were found for bulk density, total porosity, and aeration

porosity among the Eucalyptus planting treatments (Table 1).

Carbon mineralization was significantly lower (P < 0.05) in PrG and SeG treatments than in

CK, ThG, and FoG treatments (Fig. 1b). Compared with CK treatment, Fucalyptus planting

significantly (P < 0.05) decreased the enzymatic activities of sucrase (33.3%~64.0%), B-1,4-

glucosidase (BG, 15.7%~38.9%), B-xylosidase (BX, 52.2%~63.2%), acid phosphatase (ACP,

58.7%~71.7%), and B-N-acetylglucosaminidase (NAG, 51.0%~76.3%) (Fig. 1c¢). BG and ACP

activities were significantly (P < 0.05) higher in SeG, ThG, and FoG treatments than in PrG

treatment. Sucrase activity was significantly (P < 0.05) lower in PrG, ThG, and FoG treatments

than in CK and SeG treatments. However, BX and NAG activities were not significantly (P >

0.05) different among the Eucalyptus planting treatments (Fig. 1c).

Microbial biomass and diversity

Microbial biomass measured as MBC, MBN and MBP significantly (P < 0.05) varied among the

Eucalyptus planting treatments. The ThG and FoG treatments significantly (P < 0.05) decreased

MBC by 40.8% and 49.0%, MBN by 93.1% and 95.1%, and MBP by 88.5% and 89.4% compared

to CK and SeG treatments, respectively (Fig. S1). The Shannon index of bacterial communities

significantly (P < 0.05) decreased with increasing years of Eucalyptus plantation. However, the

Shannon index and Chaol richness of fungal communities showed an opposite pattern (Fig. 2a,

b). The Shannon index and Chaol1 richness of bacterial communities were significantly (P < 0.05)

higher in SeG treatment than in FoG treatment, while these indices for fungal communities were

significantly (P < 0.05) higher in ThG treatment than in SeG and PrG treatments.

13
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The multiple regression model combined with variance decomposition analysis revealed that

AP, NH,*—N, NO;—N, and SOC were strong predictors of changes in microbial biomass (7.0%

to 19.3%, P < 0.05), followed by bacterial and fungal Shannon index (5.6% to 8.8% and 6.8% to

16.8%, P < 0.05) (Fig. 2¢). AP, NH,/—N, NO;—N, and SOC were positively correlated with

bacterial Shannon index (» = 0.54 to 0.81, P < 0.05), MBC (= 0.68 to 0.93, P < (.01), MBN (r

=0.51100.91, P<0.05) and MBP (»=0.57 to 0.86, P < 0.05), and negatively correlated with the

fungal Shannon index (» =—0.58 to —0.67, P < 0.05) (Fig. 2¢).

Taxonomic composition of soil bacterial and fungal communities

The soil bacterial communities were mainly composed of the phyla Proteobacteria (43.1%),

Acidobacteria (33.2%), Actinobacteria (7.90%), Chloroflexi (7.20%), Verrucomicrobia (2.60%),

and Firmicutes (2.19%) (Fig. S2a). At the genus level, the bacterial community was dominated

by DA111 (13.8%), Edaphobacter (10.0%), Variibacter (5.82%), Acidothermus (4.98%),

Candidatus_Solibacter (4.77%), Bradyrhizobium (3.44%), Acidibacter (3.90%), Rhodanobacter

2.30%), and Bryobacter (2.02%) (Fig. S2¢). The fungal community consisted of the dominant
ry

phyla Ascomycota (63.1%), Basidiomycota (18.3%), and Zygomycota (17.1%), followed by the

rare phyla Glomeromycota (0.55%) and Chytridiomycota (0.22%) (Fig. S2b). At the genus level,

the fungal community was dominated by Umbelopsis (9.40%), Penicillium (4.79%), Russula

(3.47%), Tetracladium (1.65%), Issatchenkia (0.98%), and Scleroderma (0.91%) (Fig. S2d).

Principal coordinate analysis (PCoA) combined with permutational multivariate analysis of

variance indicated that the composition of the bacterial community in PrG, SeG, and ThG

treatments was significantly (P = 0.001) different from those in FoG and CK treatments (Fig.

14
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S3a). The relative abundance of Proteobacteria and Actinobacteria was higher in PrG, SeG, and

ThG treatments, while that of Acidobacteria was higher in CK and FoG treatments (Fig. S3a, P

< 0.05). Similar to the bacterial communities, PCoA revealed that the differences in the

composition of the fungal communities by Eucalyptus planting treatments were also significantly

(P =0.001) different from CK treatment. The four Eucalyptus treatments had significantly (P <

0.05) higher relative abundances of Zygomycota and Ascomycota, and lower relative abundances

of Basidiomycota compared to CK treatment (Fig. S3b). Mantel test indicated that the structure

of bacterial and fungal communities was significantly associated with variations in soil pH, SOC,

NH4—N, TN, TP, and AP (»=0.27~0.42, P <0.01), and thus indirectly associated with variations

in soil microbiome structure mediated by successive Eucalyptus planting (Fig. S3c).

Microbial co-occurrence networks

The network analysis resulted in a network with 998 nodes and 6402 edges, a diameter of 5, an

average degree of 6.415, an average path length of 3.796, a modularity of 0.543, and an average

clustering coefficient of 0.169. The bacterial and fungal taxa contributed 57.9% and 42.1% of the

nodes, respectively (Fig. 3a-c). Correlations between bacterial OTUs accounted for 41.7%,

between fungal OTUs for 27.3%, and between bacterial and fungal OTUs for 31.0%. The

bacterial-bacterial and fungal-fungal associations were mainly positive (40.0% and 22.4% of total

edges), whereas the bacterial-fungal associations were primarily negative (24.9%) (Fig. 3d) (Fig.

3d). We found that there was a general trend to increase the number of negative bacterial-fungal

correlations (26.6% and 25.4%, respectively) through the Eucalyptus planting generations (ThG

and FoG treatments), as indicated by the ratios of negative edges to positive edges (Fig. 3e).

15
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Based on the network topological metrics, two bacterial OTUs belonging to the family

Caulobacteraceae  (phylum  Proteobacteria) and  Xiphinematobacteraceae  (phylum

Verrucomicrobia) were identified as network hubs (Fig. 4a, Table S1). A total of 21 and 134

nodes were identified as module hubs (13 bacterial and 7 fungal taxa) and connectors (75 bacterial

and 59 fungal taxa). The potential bacterial keystone taxa were mostly affiliated with

Proteobacteria, Acidobacteria, Chloroflexi, and Verrucomicrobia, while the potential fungal

keystone taxa were primarily affiliated with Ascomycota, Basidiomycota, and Zygomycota (Fig.

4a, Table S1). The Shannon index of bacterial keystone taxa was significantly (P < 0.05) higher

in four Eucalyptus plantations than in CK treatment (Fig. 4b). Moreover, this index was

significantly (P < 0.05) higher in SeG treatment than in ThG and FoG treatments. However, there

was no significant (P > 0.05) difference in the Shannon index and Chaol richness of fungal

keystone taxa, except that the Chaol richness was significantly higher in ThG treatment than in

PrG treatment (Fig. 4b).

Negative bacterial-fungal associations correlated with carbon mineralization

Random forest modeling showed that all predictors significantly contributed to carbon

mineralization (67.9%, P < 0.05) (Fig. S4). Soil pH, TN, and NH,*—N were the stronger

determinants of carbon mineralization (2.1%~6.9%, P < 0.05). To a lesser extent, carbon

mineralization was significantly (P < 0.05) predicted by Shannon index of total bacteria (4.2%)

and keystone bacteria (2.8%), fungal-bacterial correlations (3.2%), and soil enzymatic activities

(BG, BX, and Sucrase) (4.4%~4.7%) (Fig. S4). Structural equation modeling provided further

statistical evidence that keystone bacterial diversity was positively correlated with soil properties
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(r=10.759, P <0.001) and total bacterial diversity (» = 0.742, P < 0.01). The negative bacterial-

fungal associations were negatively correlated with total bacterial diversity (»=—0.688, P <0.01).

Furthermore, the diversity of total bacteria (through BX, » = —0.649, P < 0.05) and keystone

bacteria (through BG, r = —0.404, P < 0.05 and sucrase, » = 0.339, P < 0.05) were negatively

correlated with C-degrading enzymatic activities and C mineralization (Fig. Sa). Consistent with

the result of random forest modeling, SEM indicated that general patterns of bacterial-fungal

negative associations, the diversity of total bacteria and keystone bacteria may have strong effects

on C- degrading enzymatic activities and C mineralization (Fig. 5b, ¢).

4 DISCUSSION

Successive planting of Eucalyptus affected the bacterial and fungal communities

We observed that successive planting of Eucalyptus significantly decreased the bacterial diversity,

but improved the fungal diversity due to changes in SOC, NH,*—N, NO; —N, and AP (Table 1).

Soil organic carbon is widely recognized as a key regulator influencing microbial diversity (Zhang

et al., 2020). Continuous tree harvesting in Eucalyptus plantations significantly decreases SOC

by reducing litter and root exudate inputs (Guillaume et al., 2015; Chen et al., 2021). Eucalyptus

residues contain high amounts of recalcitrant organic biopolymers, and the accumulation of

recalcitrant compounds in the soil after successive plantings may favor more fungal species and

suppress bacterial growth (Mori et al., 2020). In general, soil fungi have a high ability to acquire

resources, which allows them to be more adaptable to low SOC environments, and thus the

decrease in SOC has less or even positive effects on fungal diversity (Yang et al., 2019). In

contrast, bacteria may preferentially use labile organic compounds and grow with low C
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efficiency, and the degradation of SOC quantity and quality caused by successive planting of

Eucalyptus reduced bacterial diversity. The relative abundance of Acidibater and Candidatus-

Solibacte decreased in the third and fourth planting generations, which was partly responsible for

the decrease in bacterial diversity. Acidibater and Candidatus-Solibacte prefer carbohydrates (e.g.,

hexoses, amino acids, lactose, and galactose) as their main carbon source (Pearce et al., 2012;

Falagén et al., 2014), and low concentrations of liable carbon ultimately reduce the growth rates

of these genera (Xu et al., 2021). In addition, the successive planting of Eucalyptus reduced

NH4—N, NO;—N, and AP by two to three times compared to CK treatment. Considering that

nutrient availability was a limiting factor for bacterial and fungal growth, microbial biomass (as

indicated by MBC, MBN, and MBP) and diversity significantly decreased with successive

planting of Fucalyptus, especially after two generations. The bacterial community is widely

known to be less adapted to oligotrophic environments than the fungal community, and thus the

decrease in NH;/—N, NO; —N, and AP directly reduces bacterial biomass and diversity by

inhibiting growth and cell proliferation (de Vries et al., 2018; Zhu et al., 2019).

Negative bacterial-fungal associations decreased bacterial diversity

Our study showed that the negative bacterial-fungal associations increased with increasing

generations of Eucalyptus, indicating the long-term Eucalyptus planting dominated the potential

negative interactions between fungi and bacteria. The negative bacterial-fungal associations may

be due to interference confrontation caused by antimicrobial compounds and to exploitative

competition caused by responses to preferred energy sources for their metabolic demands

(Banerjee et al., 2018; Hassani et al., 2018). We observed that six OTUs affliated with
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Aspergillaceae (Ascomycota) were classified as putative keystone taxa, and were mainly involved

in fungal-bacterial associations. The putative keystone OTUs from Aspergillaceae may secrete

antibiotics to maintain a high bonus from the “resource scramble” with bacteria. The strains of

Aspergillaceae (e.g., Penicillium and Aspergillus) have the ability to produce antibiotics, which

are an important part of microbial cross-kingdom warfare (Houbraken & Samson, 2011).

Our results indicated that bacterial-fungal associations had strong negative correlations with

bacterial diversity. The influences of negative associations on microbial diversity are affected by

intrinsic differences in the antagonistic abilities of the association partners. Microbial secondary

metabolites produced by the fungal community exert strong selective pressure on bacterial

diversity through membrane disruption, inhibition of cell wall biosynthesis and primary

metabolism, or disruption by quorum sensing signals (Getzke et al., 2019; Coller et al., 2019).

The fungus Penicillium can inhibit the proliferation and dispersal dynamics of competing bacteria

by producing antibiotics, thereby reducing bacterial diversity through antagonistic interactions

(Bahram et al., 2018; Zhang et al., 2018). Given the asymmetries in bacterial-fungal competition,

less adaptive bacterial taxa were more likely to be eliminated in the competitive interactions.

Strong asymmetric competition can induce the elimination of weaker competitive genotypes and

consequently reduce bacterial diversity (Guillemet et al., 2022). However, it should worth noting

that the link between bacterial-fungal associations and bacterial diversity is bidirectional rather

than unidirectional. Since potential bacterial-fungal competition can directly decrease bacterial

diversity, it is indeed bacterial diversity that determines the direction and strength of bacterial-

fungal interactions. We further showed that the keystone bacterial diversity increased with total

bacterial diversity and negative bacterial-fungal correlations. Keystone taxa with different
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competitive strategies and trait expression can alter their morphology and metabolism, thereby

persisting against direct displacement or overgrowth in the bacterial community (Maynard et al.,

2017b). More importantly, keystone taxa are critical for maintaining soil microbial diversity and

overall ecosystem plasticity (Herren & McMahon, 2018). These findings highlight the importance

of keystone bacterial diversity within the microbial community in maintaining soil carbon

function and enhancing SOC dynamics in the forest ecosystem.

Negative associations regulated the relationship between bacterial diversity and SOC

dynamics

Elucidating the relationships between microbial diversity and SOC dynamics in Eucalyptus

plantations is crucial to elucidate the mechanism of the microbial community in regulating C

mineralization in artificial forests. The high biodiversity induced by potential bacterial-fungal

competition can improve ecosystem function in complex terrestrial ecosystems (Jiao et al., 2021b).

However, we found that the positive relationship between diversity and function was not

statistically supported when the negative bacterial-fungal associations were considered. In

particular, the negative bacterial-fungal associations may favor the negative relationships of

bacterial diversity with C-degrading enzymatic activities and C mineralization. Microbial

diversity combined with negative associations in the network mediates microbial respiration and

carbon use efficiency (Maynard et al., 2017a). The bacterial community exposed to the high

negative association with fungi may have a significantly high metabolic affinity for sucrase, BG,

and BX, which were involved in the degradation of carbohydrates, cellulose, and hemicellulose.

This result indicated that the antagonistic bacterial-fungal associations decreased bacterial
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diversity and eventually improved the consumption of carbon resources and energy. We further

observed that keystone bacterial diversity was negatively correlated with C-degrading enzymatic

activities and C mineralization, supporting that the functional traits of keystone taxa are

particularly important in determining the relationship between microbial diversity and SOC

dynamics. These putative keystone taxa may have competitive traits and advantages to degrade

recalcitrant C and more efficiently capture limiting resources. Keystone taxa are often essential

for community functioning because they are responsible for carbon metabolic activities and C

mineralization (Lynch & Neufeld, 2015; Chen et al., 2019). However, we find that it is difficult

to provide empirical evidence for theoretical predictions about how keystone taxa orchestrate

microbial diversity to mediate ecosystem processes. Therefore, further research is needed to

manipulate specific keystone taxa to explore their ecological importance for the structure and

functioning of entire microbial communities.

Our study indicates that the decrease in bacterial diversity caused by negative bacterial-

fungal associations regulates SOC dynamics under successive planting of Eucalyptus, which is

usually overlooked in current management practices. Consistent with previous studies performed

in different regions (Xu et al., 2021; Dai et al., 2023), SOC degradation was observed after two

generations of successive planting of Eucalyptus. We found that the influences of Eucalyptus

planting on total bacterial and keystone bacterial diversity and bacterial-fungal associations relied

heavily on the generation of plantation. To prevent excessive SOC degradation in Eucalyptus

plantations, it is preferable to avoid multi-generational planting (particularly planting more than

two generations), and to prolong the rotation in Eucalyptus plantations that may undergo logging

in the short term. To advance the explanatory and predictive understanding of SOC dynamics in
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forest ecosystems, it is crucial to investigate the role of temporal scale in mediating bacterial

diversity through negative bacterial-fungal associations.

5 CONCLUSIONS

Our study advances previous knowledge on microbial diversity and the potential for cross-

kingdom competition to mediate SOC storage in forest ecosystems. We provided empirical

evidence that successive planting of Eucalyptus increased negative bacterial-fungal associations

and improved C-degrading enzymatic activities and C mineralization by decreasing total bacterial

and keystone bacterial diversity. By linking SOC mineralization to negative bacterial-fungal co-

occurrence, our study provides a framework for uncovering mechanistic insights into the patterns

and biochemical consequences of important bacterial-fungal associations in soil systems (Fig. 6).

These results can be extended to determine how changes in cross-kingdom associations modulate

SOC cycling dynamics in a variety of ecosystems.
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Figure captions

FIGURE 1 Soil organic carbon content (a), carbon mineralization (b) and enzymatic activities

(c). Bars with different lowercase letters indicate significant differences (P < 0.05). PrG, first

generation of Eucalyptus; SeG, secondary generation of Eucalyptus, ThG, third generation of

Eucalyptus; FoG, fourth generation of Eucalyptus; CK, evergreen broadleaf forest as control.

FIGURE 2 Changes in soil bacterial (a) and fungal (b) diversity with successive planting of

Eucalyptus, and the contribution of soil properties to bacterial and fungal diversity and microbial

biomass based on correlation and best multiple regression model (c). Circle size represents

variable importance (proportion of variability explained by multiple regression modeling and

variance decomposition analysis). Colors represent Spearman’s correlations. BD, bulk density;
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Pt, total porosity; Pa, aeration porosity; CEC, cation exchange capacity; TN, total nitrogen; TP,

total phosphorus; TK, total potassium; NH,;*—N, ammonium nitrogen; NO3; —N, nitrate nitrogen;

AP, available phosphorus; AK, available potassium; MBC: microbial biomass carbon; MBN:

microbial biomass nitrogen; MBP: microbial biomass phosphorus. PrG, first generation of

Eucalyptus; SeG, secondary generation of Eucalyptus, ThG, third generation of Eucalyptus; FoG,

fourth generation of Eucalyptus; CK, evergreen broadleaf forest as control. ** P < 0.01; * P <

0.05.

FIGURE 3 The bacterial-fungal co-occurrence network across all samples. (a) The nodes and

edges of the network are colored by the modules. (b) The nodes and edges of the network are

colored by the bacterial and fungal phyla. The proportion of nodes and edges the bacterial-fungal

network (c). A connection stand for a significant (P < 0.05) correlation between two OTUs. The

size of each node is proportional to the number of connections, and the thickness of each

connection between two nodes is proportional to the weight of the correlation. BF_N, bacterial-

fungal negative associations; BF P, bacterial-fungal positive associations; FF_N, fungal-fungal

negative associations; FF P, fungal-fungal positive associations; BB N, bacterial-bacterial

negative associations; BB P, bacterial-bacterial positive associations. NPP, The proportion of

negative edges to positive edges; BBA, bacterial-bacterial associations; FFA, fungal-fungal

associations; BFA, bacterial-fungal associations. PrG, first generation of Eucalyptus; SeG,

secondary generation of Eucalyptus, ThG, third generation of Eucalyptus; FoG, fourth generation

of Eucalyptus; CK, evergreen broadleaf forest as control.

FIGURE 4 Z-P,; plot showed the distribution of keystone taxa (a) based on their topological roles.

The threshold values of Z; and P; for categorizing OTUs were 2.5 and 0.62 respectively. (b) The
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diversity of bacterial and fungal keystone taxa indicated by Shannon index and Chaol richness.
Nodes in the network can be classified into network hubs (Z; > 0.25, P; > 0.62;), module hubs (Z;
>0.25, P; £0.62;), connectors (Z; < 0.25, P;> 0.62), and peripherals (Z; < 0.25, P; < 0.62). Z,, the
within-module connectivity; P;, the among-module connectivity. Lowercase letters indicate the
significant difference among treatments at P < 0.05. PrG, first generation of Eucalyptus; SeG,
secondary generation of Eucalyptus, ThG, third generation of Eucalyptus; FoG, fourth generation
of Eucalyptus; CK, evergreen broadleaf forest as control.

FIGURE 5 The impacts of soil properties, and bacterial and fungal community on carbon
mineralization using the structural equation modeling (a) and its standard total effects on soil
enzymatic activity (b) and carbon mineralization (c). Soil properties are represented by soil pH,
total nitrogen, and NH4*—N. The bacterial diversities are represented by Shannon index, and the
bacterial-fungal associations are represented by the proportion of negative bacterial-fungal
associations. Enzymatic activities represented by the activity of B-1,4-glucosidase (BG), B-
xylosidase (BX), and sucrase. Blue lines indicate positive relationships, while red lines indicate
negative relationships. The width of arrows indicates the strength of significant standardized path
coefficients (P < 0.05). Paths with non-significant coefficients are presented as gray line. *** P
<0.001; ** P<0.01; * P<0.05.

FIGURE 6 Conceptual figure of bacterial-fungal associations impacts on SOC decomposition in
successive planting of Fucalyptus. Successive planting of Eucalyptus decreased soil fertility and
induced the high degree of bacterial-fungal negative associations. The potential bacterial-fungal
competition led to the decline in the diversity of total and keystone bacteria, thereby improving
carbon (C) mineralization and C-degrading enzymatic activities. PrG, first generation of
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735 Eucalyptus; SeG, secondary generation of Eucalyptus, ThG, third generation of Eucalyptus; FoG,

736  fourth generation of Eucalyptus; CK, evergreen broadleaf forest as control.
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Table 1 Soil propertieis across successive planting of Eucalyptus

CK PrG SeG ThG FoG
BD (g cm?) 0.96+0.04ab 1.02::0.06ab 0.90+0.02b 0.98+0.08ab 1.08+0.07a
Pt (%) 50.3742.22a 50.00:0.89a 53.61+2.79a 49.51+2.36a 51.50+2.32a
Pa (%) 20.76+4.33a 21.82+3.44a 20.91+4.23a 19.26+3.97a 18.76+2.46a
pH 4.47+0.02a 4.37+0.02b 4.29+0.02¢ 4.40+0.01b 4.24+0.01d
CEC(cmol kg'') 15.92+0.81¢ 19.80-+1.46ab 21.77+1.21a 17.34+1.81bc  17.55+0.77bc
TN (gkg™) 2.58+0.07a 1.71+0.16¢ 2.25+0.11b 1.99+0.09bc 1.85+0.09¢
TP (g kg') 0.52+0.03a 0.39:£0.04bc 0.46+0.01b 0.39+0.03bc 0.360.04c
TK (g kg™ 28.23+0.47a 21.83+1.47b 28.50+1.78a 23.23+0.64b 14.58+0.55¢
NH, N (mg kg™) 26.44+1.22a 10.44+0.77¢ 15.69+0.37b 10.03+0.20c 7.74+0.80d
NO;-N (mg kg™) 1.98+0.52a 1.46+0.34ab 1.27+0.29ab 0.8840.30b 1.03+0.18b
AP (mg kg™ 5.96+0.97a 2.92:+0.26b 5.20+0.60a 2.1240.13b 1.97+0.13b
AK (mg kg") 97.83+7.37a 60.67+7.18b 71.83+7.09b 70.17+4.51b 66.00+6.76b

Numbers within rows followed by same lowercase letters indicate no differences among treatments, while different lowercase letters indicate differences among
treatments (p < 0.05); BD:bulk density; Pt: total porosity; Pa: aeration porosity; CEC: cation exchange capacity; TN: total nitrogen; TP: total phosphorus; TK: total

potassium; NH,"-N: ammonium nitrogen; NO;-N: nitrate nitrogen; AP: available phosphorus; AK: available potassium.
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FIGURE 1 Soil organic carbon content (a), carbon mineralization (b) and enzymatic activities (c). Bars with
different lowercase letters indicate significant differences (P < 0.05). PrG, first generation of Eucalyptus;
SeG, secondary generation of Eucalyptus, ThG, third generation of Eucalyptus; FoG, fourth generation of

Eucalyptus; CK, evergreen broadleaf forest as control.
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FIGURE 2 Changes in soil bacterial (a) and fungal (b) diversity with successive planting of Eucalyptus, and
the contribution of soil properties to bacterial and fungal diversity and microbial biomass based on
correlation and best multiple regression model (c). Circle size represents variable importance (proportion of
variability explained by multiple regression modeling and variance decomposition analysis). Colors represent
Spearman’s correlations. BD, bulk density; Pt, total porosity; Pa, aeration porosity; CEC, cation exchange
capacity; TN, total nitrogen; TP, total phosphorus; TK, total potassium; NH4+—N, ammonium nitrogen;
NO3—--—N, nitrate nitrogen; AP, available phosphorus; AK, available potassium; MBC: microbial biomass
carbon; MBN: microbial biomass nitrogen; MBP: microbial biomass phosphorus. PrG, first generation of
Eucalyptus; SeG, secondary generation of Eucalyptus, ThG, third generation of Eucalyptus; FoG, fourth
generation of Eucalyptus; CK, evergreen broadleaf forest as control. ** P < 0.01; * P < 0.05.
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FIGURE 3 The bacterial-fungal co-occurrence network across all samples. (a) The nodes and edges of the
network are colored by the modules. (b) The nodes and edges of the network are colored by the bacterial
and fungal phyla. The proportion of nodes and edges the bacterial-fungal network (c). A connection stand
for a significant (P < 0.05) correlation between two OTUs. The size of each node is proportional to the
number of connections, and the thickness of each connection between two nodes is proportional to the
weight of the correlation. BF_N, bacterial-fungal negative associations; BF_P, bacterial-fungal positive
associations; FF_N, fungal-fungal negative associations; FF_P, fungal-fungal positive associations; BB_N,
bacterial-bacterial negative associations; BB_P, bacterial-bacterial positive associations. NPP, The proportion
of negative edges to positive edges; BBA, bacterial-bacterial associations; FFA, fungal-fungal associations;
BFA, bacterial-fungal associations. PrG, first generation of Eucalyptus; SeG, secondary generation of
Eucalyptus, ThG, third generation of Eucalyptus; FoG, fourth generation of Eucalyptus; CK, evergreen
broadleaf forest as control.
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FIGURE 4 Zi-Pi plot showed the distribution of keystone taxa (a) based on their topological roles. The
threshold values of Zi and Pi for categorizing OTUs were 2.5 and 0.62 respectively. (b) The diversity of
bacterial and fungal keystone taxa indicated by Shannon index and Chao1l richness. Nodes in the network
can be classified into network hubs (Zi > 0.25, Pi > 0.62;), module hubs (Zi > 0.25, Pi < 0.62;), connectors
(Zi £ 0.25, Pi > 0.62), and peripherals (Zi < 0.25, Pi < 0.62). Zi, the within-module connectivity; Pi, the
among-module connectivity. Lowercase letters indicate the significant difference among treatments at P <
0.05. PrG, first generation of Eucalyptus; SeG, secondary generation of Eucalyptus, ThG, third generation of
Eucalyptus; FoG, fourth generation of Eucalyptus; CK, evergreen broadleaf forest as control.
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FIGURE 5 The impacts of soil properties, and bacterial and fungal community on carbon mineralization using
the structural equation modeling (a) and its standard total effects on soil enzymatic activity (b) and carbon
mineralization (c). Soil properties are represented by soil pH, total nitrogen, and NH4+—N. The bacterial
diversities are represented by Shannon index, and the bacterial-fungal associations are represented by the
proportion of negative edges to positive edges between bacteria and fungi. Enzymatic activities represented
by the activity of B-1,4-glucosidase (BG), B-xylosidase (BX), and sucrase. Blue lines indicate positive
relationships, while red lines indicate negative relationships. The width of arrows indicates the strength of
significant standardized path coefficients (P < 0.05). Paths with non-significant coefficients are presented as

gray line. *** p < 0.001; ** P < 0.01; * P < 0.05.
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FIGURE 6 Conceptual figure of bacterial-fungal associations impacts on SOC decomposition in successive
planting of Eucalyptus. Successive planting of Eucalyptus decreased soil fertility and induced the high degree
of bacterial-fungal negative associations. The potential bacterial-fungal competition led to the decline in the

diversity of total and keystone bacteria, thereby improving carbon (C) mineralization and C-degrading

enzymatic activities. PrG, first generation of Eucalyptus; SeG, secondary generation of Eucalyptus, ThG,

third generation of Eucalyptus; FoG, fourth generation of Eucalyptus; CK, evergreen broadleaf forest as
control.
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FIGURE S1 Microbial biomass determined by microbial biomass carbon (MBC), microbial
biomass nitrogen (MBN) and microbial biomass phosphorus (MBP) in four generations of
Eucalyptus plantations and evergreen broadleaf forest. Lowercase letters indicate the
significant difference among treatments at P < 0.05. PrG, first generation of Eucalyptus; SeG,
secondary generation of Eucalyptus, ThG, third generation of Eucalyptus; FoG, fourth

generation of Eucalyptus; CK, evergreen broadleaf forest as control.
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FIGURE S2. Relative abundance of dominant phyla/genera in the bacterial (a, ¢) and fungal
communities (b, d) in four generations of Eucalyptus plantations and evergreen broadleaf forest.
PrG, first generation of Fucalyptus; SeG, secondary generation of Eucalyptus, ThG, third

generation of Fucalyptus; FoG, fourth generation of Eucalyptus; CK, evergreen broadleaf forest

as control.
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FIGURE S3 Principal coordinate analysis based on the Bray-Curtis distances showing the

effects of the Eucalyptus plantation on bacterial (a) and fungal (b) communities. The endpoint

of the arrow points the central of the treatments. Different colors represent different bacterial

and fungal phyla, respectively, and the size of pie represents the average abundance of each

phylum. (c) The effects of soil chemical properties on the structure of bacterial and fungal

community. PrG, first generation of Eucalyptus; SeG, secondary generation of Eucalyptus, ThG,

third generation of Fucalyptus; FoG, fourth generation of Fucalyptus; CK, evergreen broadleaf

forest as control.
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FIGURE S4 Random forest modeling indicates the relative importance of predictors for soil
organic carbon (SOC) content (a) and cumulative C mineralization (b). Soil properties include
cation exchange capacity (CEC), total nitrogen (TN), total phosphorus (TP), total potassium
(TK), ammonium nitrogen (NH,*—N), nitrate nitrogen (NO; —N), available phosphorus (AP),
available potassium (AK), bulk density (BD), total porosity (Pt), aeration porosity (Pa).
Biomass is represented by microbial biomass carbon (MBC), microbial biomass nitrogen
(MBN), and microbial biomass phosphorus (MBP). The bacterial and fungal diversity is
represented by bacterial and fungal Shannon index (BacS and FunS) and Chaol richness (BacC
and FunC), respectively. The diversity of keystone bacteria and fungi is indicated by Shannon
index (BacKTs and FunKTs) and Chaol richness (BacKTc and FunKTc), respectively. The
structure of the bacterial and fungal community (BCS and FCS) is indicated by the first
principal coordinate (PCoAl). The bacterial-fungal co-occurrence network is indicated by the
proportion of negative to positive bacterial-bacterial (BBA), fungal-fungal (FFA), and fungal-
bacterial (FBA) associations, respectively. Soil enzymatic activities include p-1,4-glucosidase
(BG), pB-xylosidase (BX), acid phosphatase (ACP), sucrase (Sur), and [-N-
acetylglucosaminidase (NAG).
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