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Abstract: Liming combined with an optimum quantity of inorganic fertilizer, as a soil amendment
in intensive agriculture, is a viable agricultural practice in terms of improving soil nutrient status
and productivity, as well as mitigating soil degradation. The chief benefits of this strategy are
fundamentally dependent on soil microbial function. However, we have limited knowledge about
lime’s effects on soil microbiomes and their functions, nor on its comprehensive influence on soil
nutrient status and the productivity of sugarcane plantations. This study compares the impacts of
lime application (1-year lime (L1), 2-year lime (L2), and no lime (CK) on microbial communities,
their functions, soil nutrient status, and crop yield in a sugarcane cropping system. We employed
Illumina sequencing and functional analysis (PICRUSt and FUNGuild) to decipher microbial
communities and functions. In comparison with CK, lime application (L1 and L2) mitigated soil
acidity, increased the level of base cations (Ca? and Mg?*), and improved soil nutrient status
(especially through N and P) as well as soil microbial functions associated with nutrient cycling and
that are beneficial to plants, thereby improving plant agronomic parameters and yield. Liming (L1
and L2) increased species richness and stimulated an abundance of Acidobacteria and Chloroflexi
compared to CK. In comparison with CK, the two functional categories related to metabolism
(amino acid and carbohydrate) increased in the L1 field, whereas cofactors and vitamin metabolites
increased in the L2 field. Turning to fungi, compared to CK, liming enriched symbiotrophs
(endophytes, ectomycorrhizae, and arbuscular mycorrhizae) and led to a reduction of saprotrophs
(Zygomycota and wood saprotrophs) and pathotrophs. The observed benefits of liming were, in
turn, ultimately reflected in improved sugarcane agronomic performance, such as increased stalk
height and weight in the sugarcane planting system. However, the increase in the above-mentioned
parameters was more prominent in the L2 field compared to the L1 field, suggesting consecutive
liming could be a practical approach in terms of sustainable production of sugarcane.

Keywords: sugarcane; lime; soil fertility; soil acidification; soil microbial population; metabolic
function

1. Introduction

Sugarcane is an important commercial crop that is typically grown in tropical and subtropical
regions. It has an annual global production of about 16 million tons and contributes to sugar and
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biofuel production [1-3]. In recent decades, sugarcane has accounted for 90% and 75% of the total
sugar production of China and the world, respectively [4]. Fertilization is an essential agricultural
practice in terms of improving nutrient storage of plants and causing simultaneous changes in soil
properties and microbial communities [5,6]. Sugarcane planting systems that are based on extensive
fertilization, especially nitrogen, have been adopted to increase sugarcane production to meet
increasing sugar demand over the past few decades [7]. Although inorganic fertilizers have a positive
impact on sugarcane yield [8], they may also have indirect adverse effects on the environment and
soil quality, such as through soil acidification [9], an increase in soilborne pathogens [10], enhanced
nitrification, and nitrate leaching [11]. That being so, the sugarcane planting systems based on lime
supply represent a highly promising strategy in terms of mitigating soil acidification by increasing
base cations (Ca?* and Mg?*) and soil nutrient status [12-14], leading to higher sugarcane productivity
[15]. Soil microbes not only recycle nutrients, degrade pollutants, and mineralize organic matter, but
also maintain groundwater quality, thus improving ecosystem function [16,17]. Various studies on
the response of soil microbial composition to lime in other planting systems have determined that
limestone can increase soil biological activity and regulate soil microbial composition and function
[18,19]. For example, Xun et al. [18] reported that short-term liming in a winter wheat and summer
corn rotation systems can stimulate the abundance of Bacteroidetes and Alphaproteobacteria, while
it can cause Actinobacteria and Betaproteobacteria to decrease. Concerning acidic soils, long-term
liming helps to alleviate soil acidity, enhancing neutrophilic bacterial growth [20], microbial biomass,
and soil respiration [21]. In addition, various crop systems, such as cucumber, watermelon [22],
spinach [23], and tomato [24], have shown that liming effectively inhibits pathogen populations and
incidence in these crops. Several studies have shown that the application of lime in sugarcane
cropping systems can not only effectively alleviate soil acidification, but also improve soil nutrient
status and crop productivity. Nevertheless, due to the limitations in the detection methods and the
complexity of microbial metabolic pathways, information on the microbial functional properties in
response to liming in sugarcane cultivation is limited. Based on high-throughput sequencing data,
FUNGuild and PICRUSt have recently been developed as highly encouraging tools to predict
functionality in fungal and bacterial communities [25,26]. PICRUSt has been used in the medical field
to predict the consequences of diseases and drugs on human/animal bacterial metabolism [27,28].
Furthermore, this approach has been adopted to predict bacterial functional diversity in
environmental ecosystems, such as soil and water [29,30]. Recently, FUNGuild was used to predict
trophic modes of fungal communities in the soil ecosystem, and provided a new understanding of
methods to control soil-borne pathogens through organic amendments [31]. With this in mind, these
bioinformatics tools can also predict soil microbial functional diversity in response to lime application
in farmland soils, thus providing an up-to-date understanding and references for future research. In
this study, we employed high-throughput sequencing and functional analysis to analyze the impacts
of lime fertilization on soil microbial community composition and function responses in a sugarcane
planting systems. Additionally, we investigated the effects of lime addition on soil properties,
microbial structure, and function, and its overall impact on crop productivity. Overall, the objective
of the current study was to evaluate the effects of lime addition on soil microbial community
composition and function using a multidisciplinary strategy. Assuming that lime application has an
impact on soil acidification and nutrient status, we believe that (a) soil properties are considerably
affected by lime, leading to shifts in soil microbial structure and diversity; and (b) these variations in
microbial community composition can reflect shifts in microbial function. In addition, we
hypothesized that (c) differences in microbial groups affected by lime led to shifts in plant benefits
and quantities of harmful microbes, which in turn influence the sustainability and performance of
agro-ecosystems.
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2. Materials and Methods

2.1. Experimental Design and Sample Collection

A field experiment was conducted at the Warriors 8 Team Farm (20°49" N, 110°27" E) in
Zhanjiang City, Guangdong Province, China. The average annual temperature and rainfall are
23.2 °C and 1500 mm, respectively. Before starting the experiment, soil pH (4.30), soil organic matter
(37.62 g kg™), total nitrogen (1.32 g kg), total phosphorus (0.39 g kg), and total potassium (0.88 g
kg1) were measured according to our previous research [5]. Sugarcane cultivar ROC22 was chosen
as a test crop and was established in mid-March 2016, at a seed rate of approximately 96,000 double
buds/hm?. Each treatment consisted of three replicates of an area of 24 m? and were randomly selected
at the test site. In 2016 and 2017, lime was applied in two years of sugarcane fields as follows: 1)
control (CK): 0 kg/hm? and 0 kg/hm?, respectively; 2) lime treatment 1 (L1): 0 kg/hm? and 1500 kg/hm?,
respectively; and 3) lime treatment 2 (L2): 1500 kg/hm? and 1500 kg/hm? respectively [32,33].
Recommended rates of urea, superphosphate, and potassium chloride were applied as sources of N,
P, and K in the sugarcane fields (Table 1). Calcium superphosphate and lime were applied evenly
once in base fertilizer, while urea and potassium chloride were applied in split doses (30% as a
seedling stage and 70% at elongation stage of the sugarcane). On 27 December 2017 (during sugarcane
maturity), for each plot, soil samples (diameter of 2.5 cm and depth of 0-20 cm) from five to seven
randomly selected locations were pooled to obtain one biological replicate. All soil samples were
placed individually in sterile plastic bags and delivered to the laboratory in an icebox. They were
sieved through 2 mm mesh and divided into two portions. Then, one portion of each sample was air-
dried to analyze soil physiochemical characteristics, and the remainder was kept at —80 °C for DNA
extraction.

Table 1. Treatments applied to the sugarcane field in two years of the experiment (kg/hm?).

Treatment 2016 2017
Calcium Potassium Calcium Potassium
ickli ickli
Urea Superphosphate ~ Chloride Quicklime ~ Urea Superphosphate ~ Chloride Quicklime
CK 675 1500 525 0 675 1500 525 0
L1 675 1500 525 0 675 1500 525 1500
L2 675 1500 525 1500 675 1500 525 1500

CK: N, P, and K fertilization; L1: N, P, and K fertilization plus lime for 1 year; L2: N, P, and K
fertilization plus lime for 2 years.

2.2. Measurement of Sucrose Content and Theoretical Yield

To measure the stalk height and diameter of the plants, thirty sugarcane plants were randomly
selected in each field and measured with a measuring tape and Vernier caliper. An Extech Portable
Sucrose Brix Refractometer (Mid-State Instruments, San Luis Obispo, CA, USA) was used to
determine sucrose content, which was calculated using the formula: sucrose (%) = Brix (%) x 1.0825 —
7.703 [34]. Theoretical sugarcane production was estimated using the following equations [34]:

(a). Single stalk weight (kg) = (stalk diameter (cm))?x (stalk height (cm) — 30) x 1 (g/cm?) x 0.7854/1000.
(b). Theoretical production (kg/hm?) = single stalk weight (kg) x productive stem numbers (hm?).

2.3. Measurement of Soil Chemical Properties

Soil suspension with water (1:2.5 WV-1) was prepared in order to estimate soil pH using a pH
meter (PHS-3C, INESA Scientific Instrument Co., Ltd, Shanghai, China) [35]. Soil total nitrogen (TN)
in the extracts was assessed using an Elemental Analyzer (Thermo Scientific™, Waltham, MA, USA).
Soil available phosphorus (AP) was extracted with sodium bicarbonate and then measured using the
molybdenum blue method [36]. The available nitrogen (AN) and available potassium (AK) were
measured by the alkaline hydrolyzable diffusion method [37] and flame photometry method [38],
respectively. Soil organic carbon content (SOC) was measured by redox titration with 0.8 mol L™
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K2Cr20y7. Exchangeable Ca? and Mg?* were extracted with 1 mol L' NH4OAc and analyzed by atomic
absorption spectrometry.

2.4. Soil DNA Extraction and PCR Amplification

For each soil sample, soil DNA was extracted using a Power Soil DNA Isolation Kit (MoBio
Laboratories Inc., Carlsbad, USA) according to the manufacturer’s instructions. In order to estimate
the quality and concentration of soil DNA, a NanoDrop 2000 spectrophotometer (Thermo Scientific,
Waltham, MA, United States) was used. Primers 338F/806R [39,40] and SSU0817F/SSU1196R [41]
were used in order to amplify 165 rRNA and 185 rRNA gene fragments, respectively. PCR conditions
were 95 °C for 3 min, followed by 35 cycles of 95 °C for 30s, 55 °C for 30's, and 72 °C for 45 s, with
a final extension at 72 °C for 10 min (GeneAmp 9700, ABI, California CA, USA). PCR reactions were
carried out in triplicate in a 20 uL mixture containing 2 uL of 2.5 mM deoxyribonucleoside
triphosphate (ANTPs), 4 uL of 5x Fast Pfu buffer, 0.4 uL of Fast Pfu polymerase, 0.4 uL of each
primer (5 pM), and template DNA (10 ng).

2.5. lllumina MiSeq Sequencing

Extraction of amplicons was carried out using an AxyPrep DNA Gel Extraction Kit (Axygen
Biosciences, Union City, CA, USA). Then, QuantiFluor™-ST (Promega, Madison, WI, USA) was used
for quantification. Purified amplicons were pooled in equimolar and paired-end sequenced (2 x 250)
on an Illumina MiSeq platform (Majorbio, Shanghai) according to the standard protocols.

2.6. Processing and Analyzing of Sequencing Data

QIIME (version 1.17) was utilized to refine the quality sequences and assign them to each sample
following the standard protocol [42], as follows: (a) The 250 bp reads were truncated at any site that
obtained an average quality score of <20 over a 50 bp sliding window. (b) Following exact barcode
matching, reads containing ambiguous characters were removed. (c) Sequences with overlaps greater
than 10 bp in size were assembled based on their overlapping sequences and the unassembled
sequence reads were removed. Using UPARSE software (version 7.1), OTUs at 97% similarity cutoff
were assembled, while chimeric sequences were removed and identified by UCHIME. For each OTU,
representative sequences were selected and the Ribosomal Database Project classifier (RDP) [43] was
used in order to annotate the taxonomic information for each representative sequence. The richness
(ACE indices) [44,45], the number of observed OTUs, and diversity (Shannon indices) [46] were
determined for estimating the diversity of microbial communities in every soil sample using the
Mothur pipeline [47]. To determine beta diversity, an analysis of principal coordinates and a
hierarchical tree of microbial communities (calculated using the Bray—Curtis measure) was carried
out. Linear discriminant analysis effect size (LEfSe) was performed to identify significant differences
in microbial taxa between groups. The Kruskal-Wallis (KW) sum-rank test was used in LEfSe analysis
to detect the features with significantly different abundances between assigned classes, and then
linear discriminant analysis (LDA) was performed to estimate the effect size of each feature [48].
Redundancy analysis (RDA) was performed in R (version 3.2.2) to examine the influence of soil
physiochemical attributes on bacterial and fungal abundance at the phylum level. Spearman’s
correlation coefficients among microbial taxa at phylum level and soil physiochemical attributes were
assessed using SPSS (SPSS Inc., Chicago, IL USA). The fungal functional groups (guild) among
different treatments were determined using FUNGuild v1.0 [49]. A bacterial metabolic function
profile (KEGG) was generated using PICRUSt. STAMP differential analysis was performed on
microbial functions (KEGG and FUNGuild) between different treatments [50].
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3. Results

3.1. Sugarcane Agronomic Properties and Production

The results showed that the application of lime affected the sugarcane growth parameters (Table
2). Lime application in sugarcane fields (L1 and L2) not only improved the sucrose content and
growth parameters (stalk height, diameter, and weight) of plants, but also enhanced theoretical
production compared to the control field (CK). However, L1 and L2 fields had significantly increased
stalk height and weight compared to CK. These results indicate that sugarcane planting systems
based on lime application rather than chemical fertilization can improve plant physiological
parameters and thereby increase sugarcane productivity.

Table 2. Impact of lime application on sucrose content, growth parameters, and yield of sugarcane.

Treatment Sucrose Available stalk  Stalk height dii:::::l:er Single stalk  Theoretical production
content (%) number (hm?) (cm) (cm) weight (kg) (kg/hm?)
CK 12.03+0.54* 52,778 £1604*  300.7+62° 256+0.03* 1.40+0.06° 73,716 £2916 *
L1 1223 £0.38% 50,926 +2450* 321.0+4.6% 2.61+£0.02% 1.55+£0.04%® 78,974 £2755 2
L2 12.48 £0.23* 51,852+4036* 329.0+23?* 2.61+0.03* 1.60+0.03° 83,269 £ 71982

Different letters indicate a significant difference among treatments based on the LSD test (p < 0.05).
CK: N, P, and K fertilization; L1: N, P, and K fertilization plus lime for 1 year; L2: N, P, and K
fertilization plus lime for 2 years.

3.2. Soil Physiochemical Properties

Soil physicochemical properties after harvesting in the control (CK) and lime-treated fields (L1
and L2) are shown in Figure 1. In comparison with CK, the L1 and L2 fields effectively alleviated soil
acidity and increased the levels of soil nutrients, especially Ca>, Mg, TN, TP, AN, and AK. Taken
together, these soil physiochemical results show that a sugarcane cropping system based on lime
application efficiently alleviates soil acidification and improves soil nutrient status.
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Figure 1. Effect of lime application on basic soil properties and nutrient contents. Boxes with the same
lowercase letters indicate no significant difference between treatments based on the LSD test (p <0.05).
AN, available nitrogen; AP, available phosphorus; AK, available potassium; ACa, available calcium;
AMg, available magnesium; SOC, organic carbon; TN, total nitrogen; TP, total phosphorus. CK: N, P,
and K fertilization; L1: N, P, and K fertilization plus lime for 1 year; L2: N, P, and K fertilization plus

lime for 2 years.

3.3. Microbial Alpha Diversity

Rarefaction analysis revealed that our population captured most microbiota members from each
soil sample (Figure S1A,B). It can be seen that the curve tends to be smooth, which confirms that the
sequencing depth was appropriate for determining soil microbial diversity and richness from the CK,
L1, and L2 fields. In comparison with CK, the L1 and L2 fields increased microbial community
richness (number of OTUs and ACE indices) and decreased microbial alpha diversity, as measured
by the Shannon diversity index (Figure 2F). These results indicate that lime application not only
increased microbial species richness but also reduced alpha diversity.

3.4. Microbial Beta Diversity

Principal coordinate analysis (PCoA) (of the Bray—Curtis measure) revealed different patterns in
the fungal and bacterial communities of the three sugarcane fields (CK, L1 and L2), with the first two
axes representing the complete alteration in fungal (71.47%) and bacterial (61.88%) data (Figure 2A,B).
The linkage hierarchical clustering analysis (UPGMA, calculated for the Bray-Curtis measure)
further confirmed that the microbial group patterns in L1 and L2 were separated from CK (Figure
2C,D), indicating that the lime regimes considerably shifted soil microbial community composition.
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Figure 2. Analysis of principal coordinates and a hierarchical tree of bacterial (A,C) and fungal
communities (B,D) of the Bray-Curtis measure. The Circos diagram represents the microbial
composition of top phyla in three sugarcane fields (E). Values are means (1 = 3). Box plots represent
alpha diversity indices, including microbial community richness (observed species and ACE) and
diversity (Shannon) in three sugarcane fields (F). CK: N, P, and K fertilization; L1: N, P, and K
fertilization plus lime for 1 year; L2: N, P, and K fertilization plus lime for 2 years.



Agronomy 2019, 9, 808 8 of 17

3.5. Microbial Community Composition

In the three sugarcane fields, the most dominant bacterial phyla were identified, especially
Actinobacteria, followed by  Proteobacteria, Chloroflexi,  Acidobacteria,  Firmicutes,
Gemmatimonadetes, Planctomycetes, Bacteroidetes, and Saccharibacteria (Figure 2E). The dominant
phyla in the microbial communities varied considerably between the different soil samples. Among
them, the L2 field was significantly more enriched with Acidobacteria and Chloroflexi than compared
with CK (Figure 3B, S2B). However, compared to the CK field, Actinobacteria was significantly
enriched in the L1 field (Figure 3A, S2A). The top fungal phyla, such as Ascomycota, Norank_Fungi,
and Basidiomycota, were found in CK, L1, and L2 fields. However, the L1 and L2 fields were more
depleted of Ascomycota and Basidiomycota than the CK field (Figure 2E). At the bacterial genus
level, the CK field was more greatly dominated by Bradyrhizobium, Burkholderia, Paraburkholderia,
Sphingomonas, Acidibacter, Kitasatospora, and Variibacter than L1. However, Acidothermus, Acidibacter,
Mizugakiibacter, Kitasatospora, and Sphingomonas were more dominant in CK than L2. Fungal genera,
such as Boeremia and Scleroderma, were more enriched in L1 and L2 than CK, while some genera, such
as Fusarium, Arthrobotrys, Galactomyces, and Cryptococcus, decreased (Figure 3CD, S2CD).
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Figure 3. Cladogram indicating the phylogenetic distribution of bacterial (A,B) and fungal (C,D)
lineages under different lime application years. Lineages with LDA values higher than 3.5 are
displayed. Circles represent phylogenetic levels from phylum to genus from the inside outwards.
Each circle’s diameter is proportional to the given taxon’s relative abundance. Differences are
represented in the color of the most abundant taxa (red indicates CK, green indicates L1, blue indicates
L2, and yellow are not significant).
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3.6. Correlation among Soil Chemical Properties and Microbial Community

Redundancy analysis (RDA) and Spearman correlation analysis were conducted to define the
environmental factors influencing microbial structure. The RDA results suggested that soil pH, AN,
AP, AK, Ca*, Mg*, SOC, TN, and TP explained 80.92% and 99.00% of the total shift in bacterial and
fungal communities, respectively (Figure 4A,B). Furthermore, the L1 and L2 samples were
completely separated from CK samples. For bacteria, Chloroflexi was significantly positively
associated with pH, Ca?, and Mg?, while Actinobacteria, Gemmatimonadetes, and Planctomycetes
were positively associated with Mg?. On the other hand, Saccharibacteria was significantly
negatively correlated with Ca? and Mg?, while Bacteroides and Basidiomycota were significantly
negatively associated with AN (Figure 4A, S3A). For fungi, Ascomycota was positively associated
with SOC and TN, while negatively associated with TP. Basidiomycota was positively associated
with TK, while significantly negatively associated with AN (Figures 4B and S3B).
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Figure 4. Redundancy analysis (RDA) identified eight selected ecological variables for shaping
bacterial (A) and fungal (B) communities. AN, available nitrogen; AP, available phosphorus; AK,
available potassium; ACa, available calcium; AMg, available magnesium; SOC, organic carbon; TN,
total nitrogen; TP, total phosphorus. CK: N, P, and K fertilization; L1: N, P, and K fertilization plus
lime for 1 year; L2: N, P, and K fertilization plus lime for 2 years.

3.7. Bacterial Function Analysis

By matching the sequence data with the KEGG enzyme nomenclature, unique protein genes
(1007, 1127, and 1149) were identified from the bacterial metagenome in soil samples obtained from
CK, L1, and L2. Most predicted protein sequences in soil samples were functionally associated with
metabolism (52.75%-53.27%), genetic information processing (14.92%-15.31%), environmental
information processing (13.91%-14.42%), and cellular processes (3.35%-3.57%), respectively (Figure
S4). The results of the functional difference KEGG_L2 revealed that L1, L2, and CK have a difference
of approximately 12 functional classifications in metabolism. For the L1 field, the two functional
categories, namely, amino acid metabolism and carbohydrate metabolism, significantly (both p <0.05)
increased compared to for the CK field (Figure 5A). However, the functional category of L2 cofactors
and vitamin metabolism significantly (p < 0.05) increased compared to CK (Figure 5B).
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Figure 5. Extended error bar plots displaying significantly different predicted functional categories at
level 2 detected in bacterial soil communities (p < 0.05, mean proportion, n = 3). The points explain
differences within the CK, L1, and L2 fields (red, green, and blue bars, respectively); the values on the
right-hand side display the p-values derived from the Welch t-test CK: N, P, and K fertilization; (A):
L1:N, P, and K fertilization plus lime for 1 year; (B): L2: N, P, and K fertilization plus lime for 2 years.

3.8. Fungal Functional Analysis.

The OTUs obtained from CK, L1, and L2 were identified as trophic modes (the symbiotrophs,
pathotrophs, and saprotrophs) and the remaining OTUs that did not match any taxon in the database
were classified as “Others”. In comparison with the CK field, the L1 and L2 fields not only
significantly enriched symbiotrophs, but also decreased saprotrophs and pathotrophs in terms of
abundance (Figure S4). FUNGuild provided more comprehensive information on the trophic modes
of fungal communities received from selected soils. In comparison with the CK field, the relative
abundance of endophytes, ectomycorrhizas, arbuscular mycorrhizas, plant pathogens, animal
pathogens, and wood saprotrophs increased in the L1 and L2 fields, while the L2 field significantly
(p <0.01) decreased fungal parasites compared to CK (Figure 6A,B). In addition, in our experiments,
there was the interesting discovery that ectomycorrhizal fungi ,which are usually only detected in
trees, were also detected in sugarcane fields. Although their abundance was low, they were clearly
detected. This is the first report of such an observation in a sugarcane field. After comparison with
NCBI data, it was found that they belong to the Agaricomycetes class.
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Figure 6. Extended error bar graphs showing the significant difference of fungal functional guilds at
level 2 within three sugarcane fields (p < 0.05, average proportion, n = 3). The points explain
differences within the CK, L1, and L2 fields (red, green, and blue bars, respectively); the values on the
right-hand side display the p-values derived from the Welch t-test. CK: N, P, and K fertilization; L1:
N, P, and K fertilization plus lime for 1 year; L2: N, P, and K fertilization plus lime for 2 years.

4. Discussion

Our understanding of the impacts of lime application on soil physiochemical properties,
microbial composition, and productivity in the sugarcane planting system is limited. Therefore, our
finding can help in understanding the impact of lime on soil acidification, fertility, and productivity,
focusing on the response of soil microbial communities. Our results show that the application of lime
not only improved sugarcane agronomic parameters, but also its yield (Table 2), which is consistent
with previous findings that determined that liming can enhance yield and fruit quality of mango [51],
sugarcane [15], and cassava [52]. In addition, liming assists in mitigating soil acidification, increasing
base cations (Ca and Mg), and improving soil nutrient status (especially N and P) in a sugarcane
cropping system [12-15]. In light of this, we can conclude from this study that alleviating soil
acidification and improving soil nutrient status in lime-treated fields (Figure 1) may help in
improving agronomic parameters and sugarcane production. In addition, soil acidity, soil nutrients
(primarily N and P), and base cations (Ca and Mg) respond quickly to soil changes, so these are the
most commonly used indicators for assessing soil quality [53-55]. Liming improved these soil quality
indicators rather than soil in the control fields (Figure 1), by stimulating the growth of native soil
microorganisms. This is further supported by the fact that liming increased the species richness of L1
and L2 fields compared to the CK field (Figure 2F). It appears likely that increased availability of
nutrients, or a copiotrophic environment in response to lime application may lead to an increase in
species richness by stimulating the copiotrophic microbial population. By contrast, the chemically
fertilized field had a lower nutrient status and a higher level of soil acidification, which decreased
species richness by reducing the size of the copiotrophic microbial community [56]. Similarly,
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multiple studies have validated that long-term lime application to acidic soils not only effectively
alleviates soil acidification but also stimulates proliferation of the neutrophilic microbiome [20,21].
The positive impact of lime application on microbial biomass has been well documented in other
agricultural systems [18,57]. In summary, mitigation of soil acidification and increased availability of
nutrients (N and P), and accumulation of microbial biomass in soil treated with lime are expected to
increase productivity. In fact, we observed that the agronomic parameters and sugarcane yield in the
soil treated with lime improved compared to the control. Soil microbiota plays a crucial role in soil
function and ecosystem sustainability [31,58]. Therefore, studying changes in soil microbial diversity
in response to lime application can help to identify possible causes that may have a positive impact
on sugarcane productivity. Changes in microbial diversity have been known as the most important
indicators of ecosystem services in restoring or destroying soil functions (plant growth promotion or
disease inhibition) [59-61]. In view of this, the application of lime could contribute to the recovery of
soil function, in turn increasing sugarcane production. The application of lime in sugarcane planting
systems has dramatically changed soil microbial communities (Figure 2A-D). Soil chemistry plays a
vital function in structuring microbial communities [5,31]. Combined with the RDA and Spearman
correlation results (Figure 4, S3), we believe that the structurally meaningful transformation of the
soil microbial community can be attributed to variations in soil chemical attributes [31].

This study reveals that lime treatment has a significant influence on bacterial and fungal
community composition. In comparison with CK, bacterial phyla, including Actinobacteria,
Acidobacteria, Gemmatimonadetes, Planctomycetes, and Chloroflexi, were more plentiful in lime-
managed fields (Figure 2E). Members associated with Acidobacteria are stimulated at higher soil pH
and can contribute significantly to carbon cycling [62] and the elimination of Fusarium wilt diseases
[63,64]. Taxa belonging to Chloroflexi are anoxygenic phototrophs [65] and help in the nitrification
process [66]. Planctomycetes are anammox bacteria and play an essential role in the nitrogen and
carbon cycle [67]. Members associated with Actinobacteria are potential biocontrol agents and can
interact with plants and promote their growth [68]. Arafat et al. [58] have found that an increase in
the pH value of the soil can increase the abundance of Chloroflexi and Actinobacteria. At the genus
level, lime application increased beneficial microbial taxa, such as Massilia, Sphingomonas, and
Pseudarthrobacter (Figure 3). Previous investigations have determined that Massilia was an efficient
and environmentally friendly bioremediation material for polycyclic aromatic hydrocarbon
degradation in soil [69]. Species of the Pseudarthrobacter genus can effectively degrade crude oil
and multi-benzene compounds efficiently at low temperatures [70]. Similarly, the nitrogen-fixing
abilities of Sphingomonas were confirmed by an acetylene reduction assay and nifH gene detection
[71]. In comparison with CK, the two functional categories, namely amino acid metabolism and
carbohydrate metabolism, increased in the L1 field (Figure 5A), whereas cofactors and vitamin
metabolism increased significantly in the L2 field (Figure 5B), showing a clear impact on the soil
nutrient cycle. Correspondingly, a recent study showed that carbohydrate and amino acid
metabolism were pH-sensitive which, in turn, had a definitive impact on the nutrient cycle [72]. The
L1 and L2 fields were depleted of Ascomycota and Basidiomycota compared to the CK field (Figure
2E), and corresponding results indicate that lime application in banana plantations has led to a
reduction of these fungal phyla [57]. In addition, some members associated with Zygomycota are
supposed to be saprotrophs [73]. This is further supported by the fact that liming decreased the
relative abundance of saprotrophs in L1 and L2 fields compared to the CK field (Figure S5). The
previous findings suggest that the lower abundance of Ascomycota is mainly due to inorganic
fertilization, especially nitrogen [74], and could be a reason to enhance this fungal phylum in CK.
Symbiotrophic fungi are beneficial for crop quality, health, and nutrition [75,76]. However, the results
of FUNGuild analysis suggested that lime application not only stimulated symbiotrophs
(endophytes, ectomycorrhizas, and arbuscular mycorrhizas), but also suppressed phototrophs
(fungal parasites) (Figure 5A,B). These results suggest that liming stimulated the beneficial microbial
taxa associated with the soil and plant, as well as microbial functions, which, in turn, can positively
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influence cane growth. Furthermore, these changes were ultimately reflected in improved sugarcane
agronomic performance, such as increased stalk height and weight.

5. Conclusions

Overall, our findings indicate that lime application reduced soil acidity and increased base
cations (Ca? and Mg?") compared to a control field, enhancing species richness and elevating
microbial taxa and functions associated with plant benefits. These changes, in turn, were eventually
reflected in improved agronomic parameters under lime treatment compared to the control in a
sugarcane planting system, especially stalk height and weight.

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1.
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