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A B S T R A C T

Microbial competition for carbon sources is associated with disease suppression, and continuous mono-cropping
stimulates certain patterns of carbon deposits. In this study, we investigated five fields from three ginger mono-
cropping durations (over 35 years, approximately 15 years and 3 years) and two disease conditions (wilt-sup-
pressive and wilt-conducive) at two collection time points (fallow and harvest). We measured the bacterial
community and overall microbial carbon metabolism ability using high-throughput sequencing and Biolog
EcoPlates. The results showed that the metabolic capabilities of soil microbes at harvest time were higher than at
fallow time. The distribution of the bacterial community and the soil microbial metabolic diversity were sig-
nificantly affected by both factors of cropping years and disease conditions at harvest time. Moreover, poten-
tially beneficial microbes more enriched in wilt-suppressive soils than in wilt-conducive soils and L-arginine and
4-hydroxybenzoic acid were significantly metabolized in suppressive samples. We further confirmed that L-
arginine and 4-hydroxybenzoic acid were only slightly metabolized by the pathogen. Taken together, these
results suggest that the addition of L-arginine could enrich the beneficial microbes, while metabolism of 4-
hydroxybenzoic acid could indicate the disease conditions of soil.

1. Introduction

Soil environments are typically oligotrophic, where microbial
competition for limited nutrients (e.g. carbon sources) happens in-
tensively (Lemanceau et al., 2014). Long-term inputs of fertilizers and
deposits of monocultures may accelerate the specific formation of the
assembly, diversity, functioning and evolution of microbial commu-
nities (Geisseler and Scow, 2014). However, these mono-cropping sys-
tems may also have the chance to increase the soil immunity to create
sustainability for disease suppression (Raaijmakers and Mazzola, 2016).
Ginger (Zingiber officinale) is susceptible to various diseases, especially
after continuous mono-cropping (Liu et al., 2017). Ralstonia solana-
carum, the causal agent of bacterial wilt, can cause a heavy loss in
ginger production. In this study, we investigated two growing time
points (fallow and harvest) of long-term (over 35 years), middle-term
(approximately 15 years) and short-term (3 years) continuous ginger-
cropping fields. For the long-term and middle-term fields, we found
wilt-suppressive and wilt-conducive sites. We hypothesized that (a)
different monoculture years generated different soil microbial com-
munities and their own carbon metabolism characteristics, and (b)
several carbon sources would be selected as the indicators for deci-
phering the disease suppression pattern, considering microbial

community-level physiological profiles (CLPPs).

2. Materials and methods

2.1. Site description and sampling

Soil samples were collected from an agricultural field site owned by
the Changling farm cooperative in Rongchang County, Chongqing city,
China (29°30′6.50″ N, 105°22′41.13″ E). The field sites and manage-
ments are described in detail in the Supplementary Data. The long-term
monoculture fields started ginger cropping in the 1970s, the middle-
term monoculture fields started in 2000 and short-term monoculture
fields started in 2012. According to the survey performed in 2014, we
chose the long-term and middle-term monoculture fields with over 40%
disease incidence of ginger wilt as disease-conducive fields (long-term
wilt-conducive, LC; and middle-term wilt-conducive, MC), whereas
sites without apparent disease were treated as disease-suppressive fields
(long-term wilt-suppressive, LS; middle-term wilt-suppressive, MS; and
short-term wilt-suppressive, SS).

We collected soil from each field in early March (fallow time) and
middle August (harvest time) of 2015. Each field had three replicates.
Because there was no ginger planting in March, we gathered soil
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samples at a depth of 5–25 cm. For the August soil samples, we col-
lected the soil close to the rhizome of ginger at a depth of 5–25 cm. The
soil samples were sieved through a 2.0-mm sieve and stored at 4 °C for
further analysis. Physical and chemical analyses on each soil sample
from March were performed using standard methods (Bengtson et al.,
2012) in the soil analysis laboratory of Southwest University, China
(Table S1). Plants with classical wilt symptoms were collected from the
LC and MC fields in August. Details on pathogen isolation and identi-
fication are described in the Supplementary Data.

2.2. Microbial community-level physiological profiling

The Biolog substrate utilization assay (Insam, 1997) was performed
on the day of sampling to avoid changes in bacterial communities
during storage of the soil. Biolog EcoPlates (EcoPlate™, Biolog Inc.,
Hayward, CA, USA) were used to determine the microbial community
level physiological profiles based on the carbon source utilization pat-
tern for each soil sample according to Zhang et al. (2017).

2.3. Soil total community DNA extraction, 16S rRNA gene amplification
and sequencing

The soil samples collected in August were subjected to total com-
munity DNA extraction using an Omega Biotek Soil DNA kit (Omega
Biotek, USA). Amplification and purification were conducted for fifteen
samples following the description in Zhang et al. (2017). The purified
16S rRNA gene fragments were sequenced using an Illumina Miseq
platform in Majorbio Biopharm Technology Co., Ltd., Shanghai, China.
Raw sequencing data were deposited in the NCBI Short Read Archive,
BioProjectID PRJNA533499, accession number SRP193048.

2.4. Selected carbon source metabolism assay

Effect of the carbon source on the pathogen metabolism was assayed
according to the methods described by Robert et al. (1989) with
amendments. Briefly, bacterial isolates, isolated from ginger rhizomes
in LC and MC fields, with an initial OD600nm at 1.0 were used to in-
oculate the MP medium (Plener et al., 2009) that was supplemented
with various carbon sources (D-glucose, 4-hydroxybenzoic acid, L-

arginine, or L-threonine) at a final concentration of 20mM and pH 7.0.
Treatment with the same volume of sterile water was used as a negative
control. Cell density was detected by measuring the value of OD600nm

every 8 h during the 144-h cultivation. Each treatment had three re-
plicates.

2.5. Statistical analyses

Sequencing data analyses were performed in R using the normalized
reduced data set (28,145 usable reads per sample) with 1412 OTUs and
15 samples, and individual analyses are described in detail in the
Supplementary Data.

3. Results and discussion

3.1. Soil properties and pathogen identification

The ginger cropping fields of the Changling area were all acidic
soils, in which the pH value varied between 3.80 and 4.03 (Table S1).
Moreover, the short-term monoculture field had the highest organic
matter, lowest soil CN ratio and highest available K, among other
properties (Table S1). These data suggest that the nutrient supply in the
short-term monoculture fields is higher than in the other fields. There
was no significant difference in soil physicochemical properties be-
tween middle-term and long-term continuous mono-cropping fields.

To identify the pathogen causing the wilt symptoms of ginger,
bacterial (Fig. S1A) and fungal isolates were retrieved from the rhi-
zomes of diseased ginger in LC and MC fields, respectively. All bacterial
colonies were identified as Ralstonia solanacearum by using the species-
specific primers 759/760 (Fig. S1B). According to the wilt symptoms
(Fig. S1C) and the literature (Santhanam et al., 2015), we expected to
also find fungal plant pathogens of the genera Fusarium and Alternaria.
However, only Talaromyces calidicanius and Trichoderma sp. were ob-
served out of ten isolates according to the BLAST database (data not
shown). Hence, the causal wilt symptoms may mainly be caused by R.
solanacearum.

Fig. 1. Average well colour development (AWCD) values of microbial communities in soil extracts collected in March and August using Biolog EcoPlates. LS, long-
term continuous cropping and wilt-suppressive soils; LC, long-term continuous cropping and wilt-conducive soils; MS, middle-term continuous cropping and wilt-
suppressive soils; MC, middle-term continuous cropping and wilt-conducive soils; SS, short-term continuous cropping and wilt-suppressive soils.
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3.2. Duration of monoculture cropping and disease conditions affect the
assembly and carbon metabolism of the soil microbial community

Average well colour development (AWCD) values of August samples
were relatively higher than those of March samples (Fig. 1). Moreover,
in August, the AWCD values of wilt-suppressive soils (LS, MS, and SS)
were all significantly higher than that of wilt-conducive soils (LC and
MC) after 48 h of incubation (p < 0.05; One-way ANOVA, Turkey
HSD), whereas no significance was observed with the disease patterns
in March. Although the Biolog approach does not necessarily reflect the
entire soil microbial community since fast-growing species may dom-
inate the substrate utilization patterns during the incubation period
(Ros et al., 2008), microorganisms from fallow soils still can be largely
considered at the dormant state during which microorganisms require
only basic carbon uptake (Joergensen and Wichern, 2018). Whereas,
the soil microorganisms collected at harvest time have already been
subjected to a period of adequate root exudates and other nutrient
supplements (Khan et al., 2007). Shannon and Simpson indices were
both applied for soil microbial metabolic diversity. Both the duration of
monoculture cropping and disease conditions significantly affected the
soil microbial metabolic diversity; however, only the samples from
August were significantly affected by their interactions (Table S2).
These data indicated that due to the metabolism of plant-derived
compounds, samples collected at harvest time could better explain the
microbial metabolic pattern affected by both factors of cropping years
and disease conditions than at fallow time.

The composition of the soil bacterial community from different sites
in August was tested through 16S rRNA gene sequencing. By compar-
ison, Alpha-proteobacteria was the most dominant class in LS and MS,
and Gamma-proteobacteria ranked first in SS followed by Alpha-pro-
teobacteria (Fig. 2A). On the other hand, Acidobacteria were enriched
in wilt-conducive samples (LC and MC), which has been reported to
closely correlate with soil pH (Bengtson et al., 2012). To determine the
main factor driving community composition, principal coordinate and
permutational MANOVA (PERMANOVA) analysis using Bray–Curtis
dissimilarities were performed (Fig. 2B and Table S3). The first two axes
explained 51.7% of the variance in total (Fig. 2B). Both the duration of
monoculture cropping (41.1%) and disease conditions (11.9%) sig-
nificantly affected the assembly of the soil bacterial community (Table
S3). Taken together, these data confirmed that microbial interactions
occurred intensively at harvest time.

3.3. L-Arginine and 4-hydroxybenzoic acid may act as indicators for
deciphering the disease suppression pattern

We compared the metabolic abilities of 31 carbon sources used by
wilt-suppressive soil microbes and wilt-conducive soil microbes at
harvest time (Fig. S2). For 14 and 6 carbon sources, utilization rates
between suppressive and conducive samples were significantly different
(p < 0.05; independent-sample t-test) for long-term and middle-term
cropping fields, respectively. The carbon metabolism of soil microbes in
the disease-suppressive or –conducive fields might be shaped into two
extreme directions along with the increase of monoculture cropping
years. The utilization of amino acids was the most potential character to
distinguish the wilt disease pattern considering six functional groups
(Table S4). Moreover, L-arginine and 4-hydroxybenzoic acid were both
significantly higher in suppressive samples than in conducive samples,
regardless of the cropping years (Fig. S2).

We investigated whether the utilization of amino acids and 4-hy-
droxybenzoic acid can be largely metabolized by the two R. solana-
cearum strains collected from LC and MC fields. Although there were
differences in the carbon source metabolism of the two strains, R. so-
lanacearum reached the highest population densities when grown with
D-glucose compared to amino acids, 4-hydroxybenzoic acid and water
(Fig. 3). Moreover, L-threonine increased the growth of R. solanacearum
during the incubation, while L-arginine and 4-hydroxybenzoic acid
could be metabolized only slightly. The observed relationships between
pathogen growth and L-arginine could be explained by the bacillaene
and macrolactin production of Bacillus amyloliquefaciens (Yang et al.,
2019). We compared the distribution of genera Bacillus and other po-
tential beneficial microbes (Algam et al., 2010; Denison and Kiers,
2004; Lemessa and Zeller, 2007) from different sites. Almost all wilt-
suppressive samples shared a relatively higher abundance of beneficial
microbes compared with wilt-conducive samples (Fig. S3). Moreover,
Bacillus in the MS was highly significantly different (p < 0.001; in-
dependent-sample t-test) with MC. This result indicated that there was
enrichment of beneficial microbes in the suppressive soils.

Amino acids are reported as the requirement for synthesizing anti-
biotic production (Handel et al., 2013). However, L-threonine, an amino
acid, could increase the growth of R. solanacearum, which indicated that
the pathogen might also benefit from certain carbon sources. This
property has been demonstrated by providing a surplus of carbon
sources into soils, thereby stimulating spore germination of pathogens
and leading to an increase in disease severity (Chen et al., 1988).
Moreover, since the organic acids were supposed to be the major de-
posits due to the increase of mono-cropping years, the auto-toxicity of

Fig. 2. A) Relative abundance of the top nine most abundant bacterial classes for each sample. B) Principal coordinate plot for all samples generated using the Bray-
Curtis distance. Abbreviations as in Fig. 1.
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4-hydroxybenzoic acid might act as a side effect assisting the disease
outbreak (Guo et al., 2015; Huang et al., 2010). This finding also in-
dicated that more suppressive microbes had better metabolism of 4-
hydroxybenzoic acid. Therefore, rational choice of carbon source en-
richment is important for disease suppression. In practice, this enrich-
ment could be achieved by using certain amino acid (e.g. L-arginine)-
induced fertilizers that favour the growth of resident microorganisms,
especially beneficial ones. However, due to the complex carbon sources
in the soil, more work is thus needed to test the effectivity of so-
le‑carbon-source application and its possible functional redundancies to
the microbial community.

In conclusion, the metabolic capabilities of soil microbes with plants
were higher than those without plants. Both the duration of mono-
culture cropping and disease conditions can affect the assembly of the
soil microbial community and the generation of microbial carbon me-
tabolism characteristics. L-Arginine may promote the growth of other
soil microbes, especially the beneficial microbes, instead of the pa-
thogen. Due to the well-known auto-toxicity of allelochemicals, 4-hy-
droxybenzoic acid might act as a side effect assisting the disease out-
break but not promoting pathogen growth. Considering the complexity
of soil environments, the application of sole carbon source to enrich
certain microorganisms should be further investigated.
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