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ABSTRACT Tetrastigma hemsleyanum Diels & Gilg (TDG) has been recently planted in
reclaimed lands in Zhejiang Province, China, to increase reclaimed land use. Winter
cold stress seriously limits the growth and development of TDG and has become the
bottleneck limiting the TDG planting industry. To investigate the defense mechanisms
of TDG toward winter cold stress when grown on reclaimed land, a combined anal-
ysis of soil bacterial communities, metabolites, and physicochemical properties was
conducted in this study. Significant differences were observed in the composition of
soil bacterial communities, metabolites, and properties in soils of a cold-tolerant variety
(A201201) compared with a cold-intolerant variety (B201810). The fresh weight (75.8%
of tubers) and dry weight (73.6%) of A201201 were significantly higher than those
of B201810. The 16S rRNA gene amplicon sequencing of soil bacteria showed that
Gp5 (25.3%), Gemmatimonas (19.6%), Subdivision3 (16.7%), Lacibacterium (11.9%), Gp4
(11.8%), Gp3 (10.4%), Gp6 (7.0%), and WPS-1 (1.2%) were less common, while Chryseo-
linea (10.6%) were more common in A201201 soils than B201810 soils. Furthermore,
linear discriminant analysis of effect size identified 35 bacterial biomarker taxa for
both treatments. Co-occurrence network analyses also showed that the structures of
the bacterial communities were more complex and stable in A201201 soils compared
to B201810 soils. In addition, ultra-high-performance liquid chromatography coupled
to mass spectrometry analysis indicated the presence of significantly different metabo-
lites in the two soil treatments, with 10 differentially expressed metabolites (DEMs) (8
significantly upregulated by 9.2%-391.3% and 2 significantly downregulated by 25.1%-
73.4%) that belonged to lipids and lipid-like molecules, organic acids and derivatives,
and benzenoids. The levels of those DEMs were significantly correlated with the relative
abundances of nine bacterial genera. Also, redundancy discriminant analysis revealed
that the main factors affecting changes in the bacterial community composition were
available potassium (AK), microbial biomass nitrogen (MBN), microbial biomass carbon
(MBC), alkaline hydrolysis nitrogen (AHN), total nitrogen (TN), available phosphorus (AP),
and soil organic matter (SOM). The main factors affecting changes in the metabolite
profiles were AK, MBC, MBN, AHN, pH, SOM, TN, and AP. Overall, this study provides new
insights into the TDG defense mechanisms involved in winter cold stress responses when
grown on reclaimed land and practical guidelines for achieving optimal TDG production.

IMPORTANCE China has been undergoing rapid urbanization, and land reclamation is
regarded as a viable option to balance occupation and compensation. In general, the
quality of reclaimed land cannot meet plant or even cultivation requirements due to
poor soil fertility and high gravel content. However, Tetrastigma hemsleyanum Diels &
Gilg (TDG), extensively used in Chinese herbal medicine, can grow well in stony soils with
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few nutrients. So, to increase reclaimed land use, TDG has been cultivated on reclaimed
lands in Zhejiang Province, China, recently. However, the artificial cultivation of TDG is
often limited by winter cold stress. The aim of this study was to find out how TDG on
reclaimed land deal with winter cold stress by looking at the bacterial communities,
metabolites, and physicochemical properties of the soil, thereby guiding production in
practice.

KEYWORDS  Tetrastigma hemsleyanum, Diels & Gilg (TDG), winter cold stress, reclaimed
land, 16S rRNA, soil bacterial communities, soil metabolites, soil properties

Tetrastigma hemsleyanum Diels & Gilg (TDG), also known as Sanyeqing in China,
is a perennial climbing liana plant in the Vitaceae family (1, 2). Sanyeqing is
specific to China and primarily distributed in tropical to subtropical regions, including
in the Zhejiang, Fujian, Guangxi, Jiangsu, and Jiangxi provinces (1, 3). The plants have
flavonoids, amino acids, and terpenoids in them (1, 4). The flavonoids are the active
ingredients that have properties that directly affect inflammation, pain, fever, tumors,
viruses, and immune system regulation (1, 5, 6). The tuberous roots and whole grass
plant components have been widely used in traditional Chinese medicine for treat-
ing diseases including high fevers (especially febrile convulsions in children), pneumo-
nia, snake bites, cellulitis, asthma, hepatitis, gastritis, cervicitis, lymphatic tuberculosis,
septicemia, viral meningitis, and cancers (2, 5, 7). However, its widespread use in
many Chinese drugs and health products, including Huatuofengtongbao, Jinsidijia, and
Jieshikang capsules (8), in addition to Huashixuanfeiheji developed in the Zhejiang
Province to mitigate common COVID-19 (5, 9), has led to TDG being on the verge of
extinction due to overexploitation (10). Therefore, the improved artificial cultivation of
TDG is urgently needed to reduce dependence on wild resources (11). TDG has been
recently cultivated on reclaimed lands in Zhejiang Province to increase reclaimed land
use. Reclaimed land is typically acidic and comprises poor nutrient levels and a high
gravel content (12), leading to suboptimal conditions for typical plant growth. However,
TDG has been shown to grow in stony and poor soils with better-developed root systems
and higher yields (13, 14). Nevertheless, due to poor cold resistance, cold temperatures in
winter have become a major stressor, markedly restricting the artificial cultivation of TDG
in reclaimed land, thereby seriously limiting the development of TDG (11). Specifically,
cold stress can not only significantly affect the growth of TDG but also have significant
effects on a series of physiological and biochemical processes (such as free radical burst,
osmotic stress, and material metabolism disorder in cells), which can seriously affect the
quality of TDG (11).

Cold stress is a primary environmental factor affecting plant growth, development,
and geographical distribution (15, 16). Low temperatures mainly disrupt the critical
processes of seed germination and seedling establishment (17), limit CO, fixation,
decrease photosynthetic capacity, increase reactive oxygen species (18), and cause
serious damage to yield formation (19). To resist abiotic stress, organisms have devel-
oped defense mechanisms over their long evolutionary histories. Waadt et al. (20)
showed that plant hormones are signaling compounds that regulate crucial aspects
of growth, development, and environmental stress responses. Abbasi et al. (21) further
demonstrated that fungal and bacterial communities were resistant to drought stress.
Barria et al. (22) also said that changes in RNA metabolism, such as the specific induc-
tion of RNA chaperones and changes in the levels of certain RNases, help single-celled
organisms survive cold temperatures. Likewise, Peng et al. (4) documented transcrip-
tomic changes in response to cold stress. Previous studies have also shown that soil
microorganisms are important components of agriculture ecosystems because microbial
communities can help maintain soil fertility by transforming, solubilizing, and mobiliz-
ing soil nutrients. Furthermore, soil microbial communities promote plant growth and
soil metabolites, thereby playing an important role in rhizosphere soil environments
by facilitating plant-microbe interactions (23-26). Nevertheless, additional research is
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needed to identify relationships among soil properties, microorganisms, metabolites,
and plants from multiple perspectives.

Here, we hypothesized that soil-associated bacterial communities and metabolites
play critical roles in determining TDG fitness for winter cold stress within TDG plantations
on reclaimed land. The goal of this study was to use a combined analysis of soil bacterial
communities, metabolites, and properties to identify TDG mechanisms involved in winter
cold stress responses within reclaimed land. The results provide a scientific framework for
understanding the tolerance of TDG to winter cold stress.

RESULTS
A201201 and B201810 tuber biomass and quality after winter cold stress

The fresh and dry weights of tubers were measured about 42 months after planting to
estimate the impact of winter cold stress on the tuber biomass of TDG in reclaimed lands.
Winter cold stress occurred over 3 months every year (from December to February),
leading to the aboveground components (including leaves and stems) of B201810
turning yellow after wilting, while those of A201201 remained green (Fig. 1a and b).
Significant differences in tuber biomass between A201201 and B201810 were also
observed (Fig. 1c and d; Table 1). Specifically, 75.8% and 73.6% increases in the fresh
and dry weights of tubers in A201201 were observed, respectively, relative to those
of B201810. In addition, the lengths of tubers in A201201 were 1.4-fold greater than
those in B201810, while the widths were not dramatically different between the two. The
total flavonoid content (TFC) of A201201 was 0.8-fold lower than that of B201810. Thus,
after winter cold stress, A201201 and B201810 growth significantly differed, and the TFC
showed a reverse trend to the yield (the higher the yield, the lower the TFC).

Soil bacterial diversity and community composition after winter cold stress

A total of 327,649 16S rRNA gene sequences were obtained by high-throughput
amplicon sequencing of soil samples, with 161,566 sequences (49.31%) remaining
after quality control (24,049-29,992 sequences per sample). A total of 7,964 bacte-
rial operational taxonomic units (OTUs) were identified (Fig. 2a), with an average of
1,371 (1,366-1,375) and 1,284 (1,188-1,344) OTUs identified in A201201 and B201810,
respectively. The Chaol, Shannon, and Simpson indices were calculated to assess
community richness and alpha diversity (Fig. 2b through d). The average Chao1 richness
was 1,448 (1,437-1,462) and 1,375 (1,274-1,425), Shannon index values were 6.23 (6.20-
6.25) and 6.03 (5.92-6.10), and Simpson index values were 0.005 (0.004-0.005) and 0.006
(0.005-0.006) in the A201201 and B201810 communities, respectively. As a result, the
number of bacterial OTUs was significantly higher (6.7%) in the A201201 communities,
along with higher Chaol and Shannon index values (5.3%, 3.2%) but lower Simpson
index values (19.2%) than in the B201810 communities.

Principal component analysis (PCA) was used to further evaluate bacterial community
compositional differences at the OTU level (Fig. 3a). PCA revealed that the soil root-zone
bacterial communities of A201201 and B201810 comprised two different groups that
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FIG 1 Image of the experimental field plot and tuber biomass of A201201 (a and c) and B201810 (b and d) grown on reclaimed land.
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TABLE 1 Tuber biomass and quality after winter cold stress®

Parameter Value Parameter Value

Fresh weight (g) Dry weight (g)

A201201 120.68 £3.71 * A201201 26.74 +1.49*
B201810 68.63 £4.21 B201810 15.40+1.37
Length (mm) Width (mm)

A201201 39.14+3.46* A201201 16.28 + 1.66
B201810 27.47 £ 3.66 B201810 17.13+£2.12
Total flavonoid content (%)

A201201 3.72+0.28 #

B201810 4.64£0.24

“* and # indicate statistically significant increases or decreases, respectively, compared to B201810 (P < 0.05).

were well separated from each other. The first and second principal components (PCA1
and PCA2, respectively) explained 31.71% and 26.05% of the variability in bacterial
community composition, respectively. Thus, to a certain extent, the bacterial community
structures of A201201 were from those of B201810 after winter cold stress.

The compositional differences in soil bacterial communities between the A201201
and B201810 groups were compared at the phylum and genus levels. A total of 12
phyla and 26 genera were identified. The relative abundances (RAs) of the 10 most
abundant bacterial phyla and genera across all soil samples were particularly evalu-
ated (Fig. 4a and b). Significant differences in the taxonomic composition of bacte-
rial communities were observed when comparing A201201 and B201810 soils. The
Proteobacteria, Acidobacteria, Bacteroidetes, Planctomycetes, Actinobacteria, Verruco-
microbia, Chloroflexi, WPS-1, and Gemmatimonadetes were the predominant bacte-
rial phyla, with RAs of 28.95%-30.39%, 19.35%-23.93%, 7.11%-10.80%, 3.71%-5.35%,
2.84%-5.11%, 3.19%-4.85%, 2.46%-3.51%, 1.72%-3.30%, and 1.41%-2.89%, respectively
(Fig. 4a). The 10 most abundant genera included the Gp6, Gp4, Subdivision3, WPS-1,
Chryseolinea, Gp3, Lacibacterium, Gemmatimonas, Gp5, and Nitrospira, with RAs of
10.69%-12.12%, 2.34%-4.26%, 2.34%-4.38%, 1.72%-3.30%, 2.21%-3.04%, 1.75%-2.76%,
1.61%-2.49%, 1.41%-2.89%, 1.39%-2.10%, and 0.76%-2.48%, respectively. In A201201
communities, the RAs of Gp5, Gemmatimonas, Subdivision3, Nitrospira, Lacibacterium,
Gp4, Gp3, Gp6, and WPS-1 were lower by 25.3%, 19.6%, 16.7%, 14.6%, 11.9%, 11.8%,
10.4%, 7.0%, and 1.2%, while the RA of Chryseolinea was higher by 10.6% than that of
B201810 (Fig. 4b). Significant changes were consequently observed in the composition
of bacterial taxa when comparing the A201201 and B201810 communities. Analysis of
variance (ANOVA) and heatmaps were used to visualize differences in RAs of root-zone
bacterial communities at the phylum and genus levels (Fig. 4c through f). A201201
communities were enriched with Bacteroidetes (P < 0.05) and Chloroflexi but exhibited
decreased RAs of Gemmatimonadetes, Nitrospirae, Acidobacteria, and Verrucomicrobia
at the phylum level. In addition, A201201 communities were enriched with Chryseolinea
but exhibited decreased RAs of the genera Gp5 (P < 0.05), Gp4, Gemmatimonas, Gp6,
and Subdivision3 at the genus level. Some changes in the taxonomic compositions of
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FIG 2 Operational taxonomic unit abundances (a) and alpha diversity index levels (b, Chao1; ¢, Shannon; d, Simpson) of Tetrastigma hemsleyanum Diels & Gilg

root-zone soil bacterial communities based on OTUs.
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shown.

bacterial communities in root-zone soils were thus observed overall when comparing
A201201 and B201810 soils after winter cold stress.

To identify taxa enriched in the A201201 and B201810 communities, a linear
discriminant analysis (LDA) of effect size (LEfSe; LDA >3, P < 0.05) analysis was conducted
(Fig. 3b). A total of 35 biomarker taxa were identified for either A201201 or B201810
soil bacterial communities. A201201 communities were enriched with Pseudomona-
daceae, Sinobacteraceae, three types of Bacteroidetes, Spartobacteria, five types of
Saccharibacteria, Xanthomonadales, Flavobacteriia, four types of Gammaproteobacte-
ria, Flavobacterium, Flavobacteriales, Burkholderiales, Flavobacteriaceae, two types of
Chitinophagaceae, three types of Sphingobacteriales, and Sphingobacteriia. B201810
communities were enriched with three types of Alphaproteobacteria, four types of Gp5,
and Hyphomicrobiaceae. These bacterial taxa may therefore play an important role in
modulating TDG growth, particularly when faced with abiotic stresses such as cold
winter temperatures.

Co-occurrence networks of A201201 and B201810 soil bacterial communities

Co-occurrence networks were constructed to visualize the complexity and stability of
root-zone soil bacterial community responses to winter cold stress in A201201 and
B201810 soils (Fig. 5). The network characteristics varied overall (Fig. 5). The A201201
network consisted of 192 nodes and 228 edges (92 positive and 136 negative edges), an
average degree of 2.375, and a modularity of —2.367. The B201810 network comprised
163 nodes and 230 edges (96 positive and 134 negative edges), with an average degree
of 2.822 and a modularity of —2.672. The numbers of edges were not significantly
different between the A201201 and B201301 networks, but more nodes and higher
modularity were observed for A201201 than for B201301. Thus, the A201201 bacte-
rial community structures were more complex and stable than the B201301 bacterial
community structures.
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Metabolomics analysis of A201201 and B201810 soils

A total of 19,221 peaks were identified in the metabolomics analysis of root-zone soils
of A201201 and B201810, with 462 metabolites identified by ultra-high-performance
liquid chromatography coupled to mass spectrometry (UHPLC-MS) analysis. Moreover,
orthogonal projections to latent structures-discriminant analysis (OPLS-DA) was used
to identify variables that differentiated between A201201 and B201810 soils (Fig. 6a).
A201201 and B201810 soils were effectively separated (Fig. 6a), as reflected by the
sample distributions of the A201201 and B201810 samples in the positive and negative
directions of t[1], respectively, with corresponding model values of R2X (cum) = 0.309, R%Y
(cum) = 0.999, and Q? (cum) = 0.269. Thus, the metabolites of A201201 and B201810 soils
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significantly differed. This supposition was confirmed by volcano plot which was based
on variable importance in projection (VIP) values >1 (P < 0.05) (Fig. 6b).

The 462 metabolites primarily comprised lipids and lipid-like molecules (42.76%),
organoheterocyclic compounds (14.02%), organic acids and derivatives (11.49%),
benzenoids (8.05%), and organic oxygen compounds (7.59%) (Fig. 6c), with 323
upregulated and 139 downregulated metabolites (Fig. 6d). After feature scaling
via standardization, significant differentially expressed metabolites (DEMs) between
A201201 and B201810 were intuitively identified in Z-score plots (Fig. 6e). Metabolites
with significant differences were also normalized and visualized with a hierarchical
clustering heatmap to identify overall metabolite changes (Fig. 7a). Ten DEMs were
significantly altered in A201201 soils (including eight DEMs upregulated by 9.2%-391.3%
and two DEMs downregulated by 25.1%-73.4%; Table 2; Fig. 7b through k). Specifically,
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TABLE 2 Differentially expressed metabolites in A201201 and B201810 soils based on variable importance in projection (VIP), fold change (FC), and P-values

Compound name Superclass VIP Log2 (FC) P-value Regulation type
2-Piperidone - 1.886 0.17 0.046 Up
Diplodiatoxin Organic acids and derivatives 1.804 0.731 0.048 Up
Benzoic acid Benzenoids 1.988 0.961 0.039 Up
16-Methylheptadecanoic acid Lipids and lipid-like molecules 2.187 1.337 0.017 Up
Alpha-triticene Lipids and lipid-like molecules 1.6 2.297 0.028 Up
4-Acetamidobutanoic acid Organic acids and derivatives 2.33 1.304 0.006 Up

PS (20:4(5Z,8Z,11Z,142)/16:0) Lipids and lipid-like molecules 2436 1.219 0.023 Up
Docosatrienoic acid Lipids and lipid-like molecules 2.015 1.092 0.034 Up
Phthalic acid Benzenoids 1.401 -1.911 0.012 Down
Nordihydrocapsaicin Benzenoids 2.003 -0.417 0.033 Down

alpha-triticene, PS (20:4(5Z,8Z,11Z,14Z)/16:0), benzoic acid, diplodiatoxin, 16-methylhep-
tadecanoic acid, 4-acetamidobutanoic acid, 2-piperidone, and docosatrienoic acid were
upregulated by 391.3%, 132.7%, 94.7%, 65.9%, 33.7%, 30.4%, 12.5%, and 9.2%, respec-
tively, while phthalic acid and nordihydrocapsaicin were downregulated by 73.4% and
25.1%, respectively. Thus, these metabolites may play critical roles in the responses of
TDG to winter cold stress.

Correlation between soil properties, bacterial community composition, and
metabolites in A201201 and B201810 soils

A201201 soils exhibited significantly higher microbial biomass carbon (MBC) contents
and significantly lower available potassium (AK) contents compared to B201810 soils (P
< 0.05; Table 3), while the levels of soil organic matter (SOM), total nitrogen (TN), alkaline
hydrolysis nitrogen (AHN), available phosphorus (AP), microbial biomass nitrogen (MBN),
and pH did not clearly differ between the two soils. Redundancy discriminant analysis
(RDA) based on genus-level abundances was conducted to determine how soil bacterial
community composition correlated with soil environmental factors. At the genus level,
a total of 77.72% of the cumulative variance of root-zone bacterial community-factor
correction occurred. The seven most important variables (AK, MBN, MBC, AHN, TN, AP,
and SOM) explained 73.26%, 66.53%, 62.59%, 50.26%, 40.59%, 28.54%, and 27.79% of
the bacterial community variation at the genus level, respectively (Fig. 8a; Table 4).
Thus, AK, MBN, MBC, AHN, TN, AP, and SOM were the primary factors associated with
bacterial community variation, suggesting that soil nutrient elements clearly influenced
bacterial genus-level distributions. To determine the impacts of soil properties on TDG
soil metabolites, RDA was also performed to determine correlations between distinct
TDG soil metabolites and soil environmental factors (Fig. 8b; Table 4). When considering
DEMs, a total of 73.21% of the cumulative variance of root-zone soil metabolite-factor
correction was observed. The contribution of the eight main variables (AK, MBC, MBN,
AHN, pH, SOM, TN, and AP) explained 96.92%, 93.18%, 88.33%, 83.92%, 70.30%, 61.02%,
59.75%, and 52.81% of soil metabolite variation when considering DEMs, respectively
(Fig. 8b; Table 4). Thus, AK, MBC, MBN, AHN, pH, SOM, TN, and AP were the primary
factors associated with soil metabolomes, and soil nutrients clearly influenced soil
metabolites at the DEM level. Therefore, soil environmental factors appeared to have
a significant impact on soil bacterial communities and metabolomes.

A clustergram heatmap was used to further explore relationships between differential
metabolites and correlations of differential bacteria with metabolites (Fig. 9). Levels of
2-piperidone were significantly and positively correlated with those of diplodiatoxin,
benzoic acid, and alpha-triticene. Diplodiatoxin levels were significantly and positively
correlated with those of benzoic acid, while benzoic acid levels were significantly and
positively correlated with those of 16-methylheptadecanoic acid. In addition, 16-meth-
ylheptadecanoic acid was significantly and positively correlated with 4-acetamidobu-
tanoic acid and PS (20:4(5Z,8Z,11Z,14Z)/16:0), while 4-acetamidobutanoic acid was
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FIG 7 Heatmap showing differential metabolites and metabolome clustering among A201201 and B201810 soils (a). Significant DEM abundances between
A201201 and B201810 soils (b-k).

significantly and positively correlated with PS (20:4(5Z,82,11Z,14Z)/16:0). Phthalic acid
levels were significantly and negatively correlated with those of diplodiatoxin, benzoic
acid, alpha-triticene, and 4-acetamidobutanoic acid (Fig. 9a). Six DEMs between A201201
and B201810 had a significant and positive correlation with six genera of bacteria. These
included nordihydrocapsaicin, which was positively correlated with GP5 and Pirellula RAs,
while phthalic acid was positively correlated with GP5 and unclassified Alphaproteobac-
teria RAs. Diplodiatoxin was positively correlated with unclassified Sphingobacteriales
RAs, while 4-acetamidobutanoic acid was positively correlated with the RAs of unclas-
sified Gammaproteobacteria, unclassified Chitinophagaceae, and unclassified Sphingo-
bacteriales. Furthermore, PS (20:4(5Z,82,11Z,14Z)/16:0) was positively correlated with

TABLE 3 Physicochemical properties of A201201 and B201810 soils®®

Parameter A201201 B201810 Parameter A201201 B201810

pH 8.09 £ 0.06 8.08 £ 0.05 AP (mg/kg) 29.94+0.83 30.36 +£2.91
SOM (%) 3.00+0.14 2.79£0.15 AK (mg/kg) 252.67 £3.29#% 415.23+5.12
TN (g/kg) 1.94+0.10 1.79+0.12 MBC (mg/kg) 11537 £1.78*  99.56 £ 1.57
AHN (mg/kg)  81.71+£1.23 7830+1.32 MBN(mg/kg) 36.12+0.97 32.13+0.96

“Means are averages + standard deviations.
b* and # indicate statistically significant increases or decreases, respectively, compared to B201810 (P < 0.05).
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docosatrienoic acid; Pht, phthalic acid; Nor, nordihydrocapsaicin. Arrows indicate the direction and magnitude of soil properties (pH, SOM, TN, AHN, AP, AK, MBC,

and MBN) associated with the different bacterial genera or DEMs.

unclassified Chitinophagaceae and unclassified Sphingobacteriales RAs, while 16-meth-
ylheptadecanoic acid was positively correlated with unclassified Chitinophagaceae RAs
(Fig. 9b). The DEMs in TDG root-zone soils, comprising lipids and lipid-like molecules,
in addition to organic acids and derivatives, may play important roles in coordinating
root-zone bacterial activities and protecting TDG from cold stress in the winter.

DISCUSSION

China is the most populous country in the world, and it has been undergoing rapid
urbanization, wherein much cultivated land has become occupied by urban expansion
(27, 28). Land reclamation is considered a viable option to balance occupation and
compensation (29). However, the quality of most reclaimed land cannot generally meet
plant requirements for high yields or even successful cultivation due to poor soil fertility
and high gravel content (30). TDG is extensively used in Chinese herbal medicine and
can grow well in stony soils with few nutrients (13, 14). To increase reclaimed land
use, TDG has recently been cultivated in reclaimed lands in Zhejiang Province, China.
However, the artificial cultivation of TDG is often limited by winter cold stress due to
exposure to 3 months of cold stress every year from December to February. Previous
studies have shown that soil microorganisms and metabolites can play essential roles
in agriculture ecosystem functioning by influencing soil fertility, crop productivity, and
stress tolerance (21, 22, 31). Nevertheless, there is limited information available regarding
the systematic investigation of soil bacterial communities, metabolites, and properties
related to defense mechanisms in TDG winter cold stress responses within reclaimed
lands.

TABLE 4 Contribution of soil parameters to variation in bacterial community composition at the genus
level or metabolites at the DEM level

Soil parameter (%)

Contribution pH SOM TN AHN AP AK MBC MBN
Bacterial genus level (%) 2.56 27.79 4059 5026 2854 7326 6259 66.53
DEM level (%) 7030 61.02 5975 8392 5281 96.92 93.18 8833
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FIG 9 (a) Correlation heatmap for differential metabolites between A201201 and B201810 soils. Circle size indicates the degree of correlation between
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done; Dip, diplodiatoxin; Ben, benzoic acid; Met, 16-methylheptadecanoic acid; Tri, alpha-triticene; Ace, 4-acetamidobutanoic acid; PS, PS (20:4(5Z,8Z,11Z,14Z)/

16:0); Doc, docosatrienoic acid; Pht, phthalic acid; Nor, nordihydrocapsaicin. (b) Heatmap of correlations between DEMs and bacterial taxa in A201201 and
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TDG biomass and quality were different between two varieties

In this study, the cold resistance of A201201 was stronger than that of B201810, while
A201201 tuber biomass was significantly higher than that of B201810 after winter cold
stress. However, the A201201 TFC was significantly lower than that of B201810. Some
previous studies have indicated that the exponential relationships among yields, quality,
and resistance to disease are always negative due to functional genomic resource
reallocation and genetic linkage drag. For example, dozens of high-yield rice varieties still
exist in China but exhibit low quality or susceptibility to blast disease, severely limiting
their use in rice production. Breeding for high-quality forage production can reduce seed
yield, as evidenced by the resistance of two melon rootstocks to the one and two races
of Fusarium wilt pathogen, although the quality of grafted scion cultivars was not higher
than that of ungrafted controls (32-34).

Root-zone microbiomes were changed after winter cold stress

Soil microbial diversity is an important indicator for evaluating soil microbial community
functioning, particularly as it relates to the ecological significance of microbial communi-
ties in maintaining plant health (35, 36). Variation in alpha and beta diversity (based on
Chao1, Shannon, Simpson, and Bray-Curtis metrics) was used to investigate changes in
bacterial community richness and diversity in the soils of A201201 and B201810. The
Simpson index was significantly lower in A201201 soils, although significant differen-
ces were not observed in bacterial Chaol and Shannon index values. Furthermore,
PCA revealed some differences in the bacterial community structures of root-zone
soils between A201201 and B201810, with variety type accounting for 38.54% of the
variation, which is consistent with previous studies. For example, Bogati and Walczak (37)
suggested that drought conditions could inhibit the growth of bacteria. Furthermore, Wu
et al. (38) observed that microbial communities in the rhizosphere soils of diseased Panax
notoginseng exhibit decreased alpha diversity relative to healthy plants. Moreover, Ren
et al. (35) observed that bacterial and fungal community compositions varied between
healthy and diseased bayberry trees. In addition, Wan et al. (39) showed that drought
stress reduced the Shannon diversity of soil bacterial communities.

April 2024 Volume 12 Issue 4

10.1128/spectrum.02425-2311


https://doi.org/10.1128/spectrum.02425-23

Research Article

Bacterial communities inhabiting the root zones of A201201 and B201810 soils were
investigated using 16S rRNA gene high-throughput sequencing, revealing significant
differences in composition. Furthermore, the richness of bacterial OTUs was significantly
higher (6.7%) in A201201 soils than in B201810. Proteobacteria, Acidobacteria, and
Bacteroidetes were the predominant phyla (RAs >5%) in A201201 and B201810 soils,
while the predominant genera (RAs >1%) included Gp6, Gp4, Subdivision3, WPS-1,
Chryseolinea, Gp3, Lacibacterium, Gemmatimonas, Gp5, and Nitrospira. Proteobacteria,
Acidobacteria, and Bacteroidetes are the predominant bacterial taxa in cold winter
environments (40-44). The results from this study suggest that additional attention
should be given to the roles of Chryseolinea, Lacibacterium, Gemmatimonas, and
Nitrospira in cold winter environments. Chryseolinea have been shown to degrade
small organic molecules and large polymers like proteins and polysaccharides, but they
might also play important roles in the long-term stability of aerobic granules (45, 46).
In addition, Lacibacterium can promote pyrene removal in co-contaminated soils (47).
Gemmatimonas, in addition to improving biofilm formation and denitrification, are also
involved in nitrogen fixation and soil organic decomposition (48, 49). Nitrospira are key
contributors to global nitrogen cycling and also significantly influence nitrification in
natural and engineered environments (50, 51). Thus, winter cold stress may reshape
root-zone bacterial abundance distributions by altering the abundances of specific soil
bacteria associated with TDG in reclaimed lands.

To further elucidate the impacts of winter cold stress on bacterial groups, a LEfSe
(LDA >3, P < 0.05) analysis was conducted to explore the enrichment of specific
bacterial taxa in A201201 and B201810 soils. A total of 35 bacterial biomarker taxa
were identified across all soil samples. Furthermore, heatmap visualizations indicated
that winter cold stress enriched the abundances of the phyla Bacteroidetes (P < 0.05)
and Chloroflexi, in addition to the genus Chryseolinea, in A201201 soils. Bacteroidetes
are well-known degraders of polymeric organic matter and are important components
of some organic carbon recycling and decomposition activities (52). Chloroflexi have
thick, tough cell walls outside their cell membrane (as gram-positive bacteria), which
makes them less susceptible to death under external stress (53). Following winter cold
stress, such bacterial cells may have greater potential to colonize and affect soil bacterial
communities in reclaimed lands.

Network analysis of taxon co-occurrence patterns provides new insights into the
structure of complex microbial communities while complementing and expanding
on information provided by alpha and beta diversity metrics (54, 55). Co-occurrence
networks were used to analyze the potential interactions between OTUs of A201201 and
B201810 soils (SparCC correlation N >0.5 or <—0.5, P < 0.01). The clustering coefficients
can represent the complexity of networks and strong interactions among bacterial taxa
(56). The number of network nodes and modularity were higher in A201201 networks
compared to B201810 networks, but the average degree decreased. More nodes and
edges indicate a more complex network structure (57). Modularity can indicate the
integration and connection of ecosystem functional traits (58), and high modularity is
also an indicator of a network’s structural stability (59). Thus, a more complex and stable
bacterial community structure was observed for A201201 soils compared to B201810
soils.

Differential root-zone metabolites after winter cold stress

A total of 19,221 metabolomic peaks were identified from all TDG root-zone soil samples.
The OPLS-DA of the metabolite profiles revealed that the metabolite compositions were
significantly different in A201201 and B201810 soils, as also demonstrated by volcano
and Z-score plots. A total of 462 metabolites were identified by UHPLC-MS analysis
that primarily comprised lipids and lipid-like molecules, organoheterocyclic compounds,
organic acids and derivatives, benzenoids, and organic oxygen compounds, with 323
of the metabolites upregulated and 139 downregulated. A total of 10 DEMs were
significantly altered in A201201 relative to B201810, among which8 were significantly
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upregulated [alpha-triticene, PS (20:4(5Z2,8Z,11Z,14Z)/16:0), benzoic acid, diplodiatoxin,
16-methylheptadecanoic acid, 4-acetamidobutanoic acid, 2-piperidone, and docosatrie-
noic acid], and 2 were significantly downregulated (phthalic acid and nordihydrocapsai-
cin). These differential metabolites comprised a variety of bioactive components such
as lipids and lipid-like molecules, organic acids and derivatives, benzenoids, and other
secondary metabolites that could be involved in different bioactivities and potentially
multiple biochemical processes related to TDG growth. Bioactive compounds have
previously been shown to be products of long-term adaptation to specific environments
for medicinal plants that comprise secondary metabolites that accumulate in response to
abiotic and biotic stresses (60, 61). Mahajan et al. (62) showed that many medicinal and
aromatic plants accumulate secondary metabolites (such as terpenoids, phenolics, and
nitrogen-containing compounds) in response to various kinds of abiotic stresses (such
as drought, temperature, salts, and heavy metals) for survival, and these compounds
act as an interface with the adverse environment (62). Moreover, secondary metabo-
lites (such as terpenes, terpenoids, alkaloids, and phenolics) can aid plants in building
metabolism for disease resistance, even developing complex defense systems against
various invading pathogens (63).

Correlation analysis between soil properties, microbiomes, and metabolites

External stresses can affect soil bacterial community structures through various
environmental factors, such as soil fertility, temperature, and rainfall (64). RDA was used
to examine the correlations between bacterial community components and environ-
mental factors and assess whether soil physicochemical properties influenced bacterial
composition dispersion after winter cold stress. A total of 77.72% of the cumulative
variance of root-zone bacterial community-factor correction was explained at the genus
level in the RDA. Furthermore, bacterial communities were significantly influenced by AK,
MBN, MBC, AHN, TN, AP, and OMC, which explained 73.26%, 66.53%, 62.59%, 50.26%,
40.59%, 28.54%, and 27.79% of bacterial community variation, respectively. The growth
of soil bacteria is affected by diverse environmental factors. For example, Wan et al.
(39) observed that soil moisture content was the main factor affecting soil microbial
community structure. Li et al. (12) also reported that the growth of pakchoi soil bacteria
was affected by AP, AHN, pH, OMC, and TN. Furthermore, Li et al. (29) observed that AK,
OMC, AP, and MBN were the main factors affecting the bacterial community structures of
corn in reclaimed barren soils.

RDA was also used in this study to examine the correlations between soil metabolites
and environmental factors. A total of 73.21% of the cumulative variance in root-zone soil
metabolite-factor corrections was explained at the DEM level, and soil metabolites were
significantly influenced by AK, MBC, MBN, AHN, pH, SOM, TN, and AP that explained
96.92%, 93.18%, 88.33%, 83.92%, 70.30%, 61.02%, 59.75%, and 52.81% of the soil
metabolite compositions in A201201 and B201810, respectively. Tang et al. (65) reported
that adenine and adenosine levels were significantly and positively correlated with total
P, total K, and pH in a sugarcane/peanut intercropping system. Furthermore, N has been
shown to significantly affect plant metabolomes, which could then impact amino acids,
carbohydrates, and secondary metabolites (66, 67).

To further investigate the correlation between differential metabolites, a heatmap of
metabolite correlations was evaluated. The relationships among differential metabolites
were complicated and comprised some positive and negative correlations. A clustergram
heatmap was generated to explore the correlations between bacterial taxa and DEMs.
Nine DEMs were significantly correlated with nine different bacterial genera, with Gp5
RAs significantly and positively correlated with two DEMs but negatively correlated with
three DEMs. Furthermore, unclassified Alphaproteobacteria RAs were significantly and
positively correlated with one DEM but negatively correlated with three DEMs, while
unclassified Hyphomicrobiaceae RAs were significantly and negatively correlated with
two DEMs. Furthermore, GP6 and GP3 RAs were significantly and negatively correlated
with one DEM, while Pirellula RAs were significantly and positively correlated with one
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DEM, as well as negatively correlated with one DEM. The RAs of unclassified Gammap-
roteobacteria were significantly and negatively correlated with two DEMs, as well as
positively correlated with one DEM. Finally, unclassified Chitinophagaceae RAs were
significantly and positively correlated with three DEMs, while unclassified Sphingobac-
teriales RAs were significantly and negatively correlated with one DEM but positively
correlated with three DEMs. Thus, complicated interactions were suggested between
bacterial taxa and DEMs within TDG root-zone soils. As we know, soil metabolites could
reflect the biological responses of soil microbes to different conditions (68). For instance,
under plastic greenhouse cultivation, 11 DEMs positively or negatively correlated with
the RAs of differential bacteria were detected between the pepper rhizosphere and bulk
soils (69). Bi et al. (70) showed that some metabolites (such as diterpenoids and fatty
acids) were significantly negatively correlated with some microbes (like Rubrobacteria,
Ascomycota, and Glomeromycota) under drought stress.

MATERIALS AND METHODS
Plant materials and field experimental design

The field experiment was completely randomly designed and conducted between 4
August 2019 and 14 February 2023. TDG cutting seedlings were planted in reclaimed
land within Shilinhou Village in Chun’an country, Zhejiang Province, China. The area of
each plot was 12 m? (length: 24 m, width: 0.5 m, height: 30 cm), and adjacent ridges
were spaced 30 cm apart. The cutting seedlings were planted on the ridges in a single
row with a 30-cm space between them. The cold-tolerant variety (A201201) and the
cold-intolerant variety (B201810) were used for the study and were obtained from the
Hangzhou Academy of Agricultural Sciences (Hangzhou, China). On 4 August 2019, the
top 0-20 cm of soil in the experimental fields was mixed with sheep manure (2.25
kg/m?) and plant ash (0.15 kg/m?) before planting. The cutting seedlings of A201201
and B201810 were then planted in the reclaimed land, with three replicates for each
treatment.

Measurement of tuber parameters and soil properties

Tuber samples were collected for various measurements. On 14 February 2023 (about
42 months after planting), three plants were randomly selected from each plot, and
all tubers from each plant were harvested from the soil using hoes. After reaping,
tuber fresh weights were immediately measured using an electronic balance (Shanghai
Precision Instrument Co., Ltd., Shanghai, China) after removing soil with tap water. The
lengths and widths of tubers were measured using a digital caliper (Ningbo Great Wall
Precision Industrial Co., Ltd., Yuyao, China). Tuber dry weights were measured after air
drying for 3 months. The TFC of dry tubers was determined using the NaNO5-AI(NO3)3-
NaOH colorimetric method (71).

In addition, soil properties were evaluated, including pH, SOM, TN, AHN, AP, AK,
MBC, and MBN, as previously described (72-80). Upon tuber harvesting, about 1.0 kg
of fresh root-zone soil (5-20 cm) was simultaneously sampled from each plant, with
three replicate plants sampled from each plot. After air drying at room temperature
and passing through 0.45 mm sieves to remove stones and root debris, soil properties
were measured. Soil pH was measured using a pH meter (FE28, MettlerToledo, Zurich,
Switzerland) and a soil-to-water ratio of 1:5 (g/mL). SOM was measured using K;Cr,0y
extraction oxidation with external heating, while TN was determined spectrophotometri-
cally. AHN was quantified by conductometric titration, while AP and AK were extracted
with an ammonium lactate solution and detected with spectrophotometry and flame
photometry. MBC and MBN were determined after chloroform fumigation extraction. All
treatments consisted of three replicates.
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Soil microbial community sequencing

During tuber harvesting, 10 g of root-zone soil from each plant, with three replicate
plants from each plot, was sampled and stored at —80°C for subsequent molecular
analyses. Soil genomic DNA was extracted from each sample using a DNA extraction kit
(E.Z.N.A Mag-Bind Soil DNA Kit, OMEGA, Norcross, GA, USA) according to the manufactur-
er's instructions. The quality of the extracted DNA was analyzed using a NanoDrop 1000
spectrophotometer (Thermo Fisher Scientific, MA, USA) (81). The universal PCR primer
sets 341F (5'-CCTACGGGNGGCWGCAG-3’) and 805R (5'-GACTACHVGGGTATCTAATCC-3)
(82) were used to amplify bacterial 16S rRNA genes from the V3-V4 hypervariable
regions. After PCR amplification, amplicons were purified using Vazyme VAHTSTM DNA
clean beads (Vazyme, Nanjing, China) and quantified using the Qubit dsDNA HS Assay
Kit (Thermo Fisher, MA, USA). The samples were pooled in equal concentrations and
sequenced using paired-end (2 X 250 bp) sequence chemistry on the Illumina MiSeq/
Hiseq platform (Shanghai Sangon Biotechnology Co., Ltd., Shanghai, China).

Bioinformatics analysis of bacterial sequencing data was conducted as previously
described (12). Briefly, raw reads were quality filtered using PEAR (v.0.9.8) to merge
paired-end reads (83) and PRINSEQ to remove low-quality reads (average quality score
<20) (84). After primers were trimmed using Cutadapt (v.1.18) (85), clean reads were
clustered into OTUs at the 97% nucleotide similarity level with Usearch (86, 87).
Representative reads for each OTU were chosen using QIIME (v.2020.06) (88), followed by
taxonomic annotation of representative 165 rRNA genes and BLAST searches against the
RDP database using the RDP classifier and a confidence threshold of 90% (89).

LC-MS metabolomics assays

During tuber harvesting, 10 g of root-zone soil from each plant, including four plants
from each plot, was sampled and stored at —80°C for subsequent metabolomic analysis.
Liquid chromatography mass spectrometry analyses were conducted using a UHPLC
system (Vanquish, Thermo Fisher Scientific) with a UPLC HSS T3 column (2.1 x 100 mm,
1.8 um) coupled to an Orbitrap Exploris 120 mass spectrometer (Orbitrap MS, Thermo), as
previously described (29). To ensure repeatability and reliability of the analyses, a quality
control sample (generally prepared by mixing an equal aliquot of supernatants from
all samples) was included in the analytical measurements. Raw data were converted to
the mzXML format using ProteoWizard, processed with an in-house program, and then
analyzed in R based on XCMS. An in-house MS2 database (Sangon) was then used for
metabolite annotation, with the cutoff set at 0.3.

Statistical analyses

Preliminary data analysis was conducted in Excel 2007. One-way ANOVA tests were
performed using the SPSS software program (v.16.0) (SPSS Inc., Chicago, IL, USA). Various
diversity indices, including richness estimation (Chao1) and alpha diversity indices (i.e.,
Shannon and Simpson indices), were calculated using the Origin software program
(v.2023) (Hampton, MA, USA). Beta diversity analysis was conducted by PCA based
on Bray-Curtis distances of community compositional variation (90). LEfSe was used
to identify biomarker taxa for the A201201 and B201810 communities, in addition to
estimating biomarker effect sizes (91). RDA was used to identify the major environmental
variables associated with bacterial communities and soil metabolites (92, 93). Co-occur-
rence network analysis was conducted using a Spearman correlation matrix, based on
high RAs (>1%) and statistically significant correlations of RAs (P < 0.01, Spearman’s
coefficient N >0.5 or <—0.5) among OTUs (94). OPLS-DA, volcano plot visualizations,
and heatmap visualizations were generated using the MetaboAnalyst 4.0 platform
to investigate metabolite levels for each group. A differential metabolite correlation
heatmap was visualized using Pearson’s correlation coefficients between all metabolites
(95). A cluster heatmap was also used to investigate the correlations between DEMs
(considering those with the largest VIP values and P < 0.05) and the 26 bacterial genera
(96).
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Conclusions

In conclusion, significant differences were observed in soil bacterial communities,
metabolites, and properties between the cold-tolerant TDG variety (A201201) and the
cold-intolerant variety (B201810) following winter cold stress. Specifically, the OTUs
number was significantly higher, and a more complex and stable bacterial community
structure was observed in A201201 soils than that of B201810. A total of 35 bacterial
biomarker taxa were identified across all A201201 and B201810 soils. The abundances
of the phyla Bacteroidetes, Chloroflexi, and the genus Chryseolinea were significantly
enriched in A201201 soils. A total of 462 metabolites were identified in all A201201
and B201810 soils, among which 10 DEMs (belonging to lipids and lipid-like molecules,
organic acids and derivatives, and benzenoids, significantly correlated with nine bacterial
genera) were significantly altered in A201201 relative to B201810. In addition, RDA
indicated that soil physiochemical properties were related to variations in bacterial
community composition and metabolite profiles. Overall, more richness, complex and
stable bacterial community structure, specific bacteria and metabolites, and higher
AK, MBC, MBN, AHN, SOM, TN, and AP may protect TDG against winter cold stress
in reclaimed land. As a result, this study provides new insights into the TDG defense
mechanisms involved in winter cold tress responses when grown on reclaimed land, as
well as practical guidelines for achieving optimal TDG production.
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