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Diversified crop rotation improves continuous 
monocropping eggplant production by altering the soil 
microbial community and biochemical properties

Muhammad Imran Ghani  · Ahmad Ali · Muhammad Jawaad Atif ·  
Shamina Imran Pathan · Giacomo Pietramellara · Muhammad Ali ·  
Bakht Amin · Zhihui Cheng

Method Four different leafy vegetables, including 
Welsh Onion (WO), Celery (CL), No Heading Chi-
nese Cabbage (NCC), Lettuce (LT), and fallow egg-
plant (FE), were introduced during the eggplant fal-
low period (November–March) in two consecutive 
years, i.e., 2017 and 2018 following eggplant. We 
assessed eggplant production, soil chemical prop-
erties and described the soil microbial community 
under the introduced rotation system.
Results The results revealed that CR with winter 
leafy vegetables modified the soil environment by 
improving soil organic carbon (SOC), soil chemi-
cal, and biochemical characteristics in both years. 
Sequencing results showed significant variations 
in fungal and bacterial community structures at 
the genus and phylum levels in response to CR. CR 
reduced some disease-causing pathogens at the fungal 
genus levels, including Fusarium and Ascomycota, in 
both years and increased the abundance of some ben-
eficial taxa such as Mortierella and Bacillus.
Conclusion These findings revealed the significance 
of crop rotation systems for sustainable production 
of eggplant under the plastic tunnel by enhancing 
soil physicochemical properties and soil beneficial 
microbes and reducing certain disease-causing soil-
borne pathogens.

Keywords Soil microbial community · Crop 
rotation · Winter vegetables · Soil enzyme activities · 
Soilborne pathogen suppression

Abstract 
Background and aims Vegetable production under 
the plastic tunnel is a steadily growing sector world-
wide, but this type of cultivation threatens envi-
ronmental sustainability by degrading soil through 
continuous cropping conditions (CMC). This study 
aimed to assess the role of crop rotation (CR) with 
different winter leafy vegetables in ameliorating 
CMC problems by manipulating soil chemical and 
biological properties.
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Introduction

Vegetable production under plastic tunnels has 
become popular among farmers because of higher 
economic returns and has gradually expanded world-
wide and reached up to 2 million ha; China con-
tributes 85% of its total production area (Scarascia-
Mugnozza et al. 2011; Zhang et al. 2015). Cultivation 
under a protected environment is often intensified 
with the repetition of the same crop species year after 
year, characterized as continuous mono-cropping 
(CMC) (Hu et  al. 2017; Wang et  al. 2015; Wang 
et  al. 2014). However, concern has developed over 
the long-term sustainability of this cultivation sys-
tem because excessive use of synthetic fertilizers 
and agrochemicals application under CMC is com-
mon, leading to continuous cropping obstacles (Li 
et al. 2017; Liu et al. 2019; Scarascia-Mugnozza et al. 
2011). Soil hardening, nutrient imbalance, acidifica-
tion, salinity, and autotoxicity have been reported as 
the leading causes of continuous cropping obstacles in 
the mono-cropping production system (Pervaiz et al. 
2020). Eggplant (Solanum melongena) is an economi-
cally significant cash crop which is always cultivated 
under the plastic tunnel in China. Eggplant under 
plastic tunnels is continuously cultivated because of 
higher market demand and limited cultivated area 
(Wang et al. 2015). In addition, consecutive cultiva-
tion of vegetables under plastic sheds increased the 
income of farmers by more than 20 times per hectare 
compared to open field cultivation (Zhang 2021). 
The plastic tunnel has reported continuous crop-
ping obstacles problems which have become a major 
constraint (Ghani et  al., 2019a; Ghani et  al., 2019b; 
Wang et  al. 2015). Therefore, eggplant’s continuous 
cropping obstacles are more severe and have become 
a major constraint for the sustainable production of 
eggplant (Ghani et  al. 2022; Ghani et  al. 2019a; Li 
et al. 2017). Thus, it becomes imperative to overcome 
continuous cropping obstacles of protected eggplant 
by improving the sustainability of soil management 
practices, soil ecology, and maintaining productive 
yield of continuous cropping eggplant.

Soil microbial communities are key to providing 
multiple ecosystem services to soils and are widely 
known as vital regulators of plant and environmen-
tal outcomes of agroecosystems (Bissett et  al. 2013; 
Brennan and Acosta-Martinez 2017; Van Der Heijden 
et al. 2008). Previous empirical studies have reported 

that the destruction of soil microbial diversity because 
of CMC is one of the key mechanisms behind con-
tinuous cropping obstacles (Ali et al. 2019a; Ali et al. 
2019b; Ding et al. 2018; Ghani et al. 2019). Rhizos-
phere soil is the most vulnerable to various land-man-
agement practices, including planting regimes, fer-
tilization, and irrigation relative to bulk soil (Strock 
et  al. 2004). Different functional microbial groups, 
such as plant pathogens and beneficial organisms, 
could also influence the activity and diversity of soil 
microbial communities (Brussaard et al. 2007). Previ-
ously, researchers have reported that microbial com-
munities are responsible for many biological pro-
cesses and vital for soil health and the suppression 
of many soilborne disease development (Garbeva 
et  al. 2004; Raaijmakers et  al. 2009). For example, 
many studies have stated that CMC decreased several 
microbial species, contributing to the prevalence of 
soilborne diseases and reduced organic matter content 
in the soil (Fu et al. 2017; Li et al. 2014).

Considering the concerns mentioned above, one 
alternative to overcome these problems is incorporat-
ing cover crops into crop rotation during the fallow 
period. Many previous studies have reported that dif-
ferent cover crops have been introduced to achieve 
multiple benefits for crop production, soil quality, and 
soil ecology (Finney et al. 2017; Logsdon et al. 2002; 
López-Bellido et  al. 2006). Diversification of cover 
crops with attuned niches plays a pivotal role in regu-
lating the ecosystem by improving and conserving 
the soil quality, carbon sequestration, decomposition 
of organic matter, regulating the supply of soil nutri-
ents, soil enzymatic activity, suppressing the soil-
borne pathogen, and increasing beneficial microbes 
(Finney et  al. 2017; McDaniel et  al. 2014). Cover 
crops augment C provisioning and facilitate the soil 
microbial community via unharvested residues and 
during their active growth as living crops through fine 
root turnover and root exudation (Finney et al. 2017; 
Kong and Six 2012). The inclusion of such practices 
can result in a higher abundance and diversity of soil 
microbes (Brennan and Acosta-Martinez 2017; Dary-
anto et  al. 2018; Thapa et al. 2021). Plant roots and 
soil microbial communities have an inevitable rela-
tionship (Mendes et al. 2015). Previous studies have 
shown that cover crops and residue retention (above 
and belowground) have a considerable effect on soil 
microbial activity, population, and biomass, as well 
as the availability of nitrogen in intensive production 

Plant Soil (2022) 480:603–624604



1 3
Vol.: (0123456789)

systems (Guo et  al. 2008; Motisi et  al. 2009; Tian 
et al. 2010; Tian et al. 2011). However, the effect of 
incorporation of belowground crop residue, i.e., dead 
root inputs, on soil microbial diversity has not been 
studied extensively. Furthermore, living cover crops 
or cover crop species-specific effects on the diver-
sity and composition of microbial communities, as 
well as the time frame in which these effects occur, 
are still unknown (Finney et al. 2017). Therefore, it is 
imperative to know how cover crop selection shapes 
microbial communities to build efficient and effec-
tive management practices to restore healthy micro-
bial communities in the agroecosystem (Finney et al. 
2017; Lehman et al. 2015).

Plants can alter soil microbial communities by 
exuding different chemical compounds into the soil, 
and as a result, different species of plants leave dif-
ferent legacies in the soil, which further affects the 
growth of succeeding crops, known as plant-soil feed-
back (Heinen et al. 2018; Pathan et al. 2020; Philippot 
et  al. 2013a). Even though evidence regarding plant 
species-specific influence on the soil is well accepted, 
there are minimal reports that have focused explic-
itly on living cover crop stands legacy effect on soil 
microbes (Hannula et  al.  2021; Lehman et  al. 2012; 
Pathan et  al. 2020). Many studies have explored the 
relationship between soil microbial communities and 
cover crop residue legacy effects, the outcomes of 
which may be affected by dynamic interaction among 
cover crops and various factors of management, such 
as tillage and amendments that affect microbial com-
munities (Frasier et  al. 2016; Lienhard et  al. 2014; 
Wortman et  al. 2013). These outcomes are encour-
aging, but a deeper understanding of the short-term 
impacts of cover crops on the microbial community 
structure and function is still needed; cover crops 
can augment belowground plant inputs like plant 
root exudates containing C compounds, and these 
inputs are resulting in higher microbial efficacy and 
development (Strickland et  al. 2015). Therefore, it 
is of paramount importance to propose such a study 
that isolates the crop-specific effect on soil microbial 
population from other prominent management factors 
to build our understanding of the interaction between 
living cover crops and soil microbes (Finney et  al. 
20172017).

The main objectives of this study were to assess (1) 
how different cover crops could influence the struc-
ture and diversity of soil microbial communities as 

well as soil physicochemical properties and (2) what 
distinctive soil edaphic factors are related to the key 
microbial changes. Thus, we hypothesized that suc-
cessful integration of leafy winter vegetables would 
result in a significant shift in microbial community 
structure and improve soil biological health com-
pared to fallow via positive plant-soil feedback (e.g., 
increasing synergistic interaction of belowground 
partners and reducing the abundance of antagonists). 
Moreover, since soil microbial communities are sus-
ceptible to soil environmental factors, we hypoth-
esized that changes in soil microbial communities are 
due to the changes in soil physicochemical proper-
ties (e.g., pH, microbial biomass, enzyme activities). 
Finally, we proposed that the legacy effects of these 
cover cropping practices would potentially serve as a 
more efficient solution for sustainable eggplant pro-
duction and soil management under plastic tunnel 
cultivation in North China.

Material and methods

Field description and experimental setup

A two-year field trial under a plastic tunnel consisted 
of four different vegetable crop rotations and fallow 
eggplant (1) Welsh onion - WO (Allium fistulosum L.) 
(2) Celery - CL (Apium graveolens var. secalinum) 
(3) No Heading Chinese Cabbage – NCC (Brassica 
rapa), (4) Lettuce – LT (Lactuca sativa L.) and (5) 
monocropping eggplant used as fallow eggplant (FE) 
were performed at Horticultural Research Farm of 
Northwest A&F University Yangling, China in the 
years 2017 and 2018, on Sandy loam soil, with a pH 
of 7.64 and EC of 148.64. Soil contained 19.18  g.
kg1 soil organic carbon, total nitrogen 0.94  g.kg-1, 
total phosphorus 980  mg.kg−1, and 11,200  mg.kg−1 
total potassium, and available N, P, K 55.30 mg.kg−1, 
28.67  mg.kg−1 and 375.25  mg.kg−1 respectively. 
Detailed information on how these measurements 
were done is provided in the supplementary material 
(Supplementary methods). The climate of the study 
area is cold semi-arid (steppe), with an annual average 
temperature of 14  °C and an average annual rainfall 
of 544 mm. During the winter, the temperature drops 
down to – 4 °C and remains around 4 to 6 °C inside 
the plastic tunnels. All four selected vegetables were 
selected based on their ability to tolerate frost during 
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cold winter. Further, these winter vegetables tend to 
uptake soil nutrients and provide them to succeeding 
crops (Ali et al. 2021). These leafy vegetables capture 
residual nitrogen and phosphorus in the soil and trans-
fer them to subsequent crops, contributing to reduced 
nitrate leaching during the fallow period (Kanders 
et  al. 2017; Xiao et  al. 2021). In 2017 and 2018, 
experiments were organized in randomized block 
design and repeated for two consecutive years on 
the same plots with 3 replications. There were three 
beds in each plot, and the size of each plot and bed 
was 12.60  m2 (3.6 m long × 3.5 m wide) and 4.20  m2 
(3.5  m long × 1.2  m wide), respectively. We estab-
lished four different winter leafy vegetables as cover 
crops. Therefore, our experiment consisted of five 
treatments, as mentioned above. Each plot was sepa-
rated by inserting a plastic sheet in the soil at a depth 
of approximately 50 cm and extended 5 cm above the 
ground to stop the movement of nutrients and water 
and also to prevent the mutual influence among dif-
ferent treatments. Cover crops were planted in each 
plot, excluding the FE, which was kept bare until the 
next cultivation period of eggplant. Cover crops were 
sown on 15 November 2017 and 19 November 2018 
during the eggplant fallow period and were manually 
harvested between 1st to 5th of March each year. The 
root residues were left on field plots prior to eggplant 
plantation. After harvesting, each of the five plots 
was manually prepared for the main crop (eggplant) 
cultivation. Uniform eggplant seedlings cv. Tai Kong 
Qie Wang with three leaves was transplanted with a 
double row in each bed. The distance between rows 
was 80 cm and between plants was 50 cm; each row 
contained seven seedlings, and fourteen seedlings 
were transplanted in each bed. Further, before egg-
plant cultivation season (2017 and 2018), each plot 
was amended with 750.65  kg   ha−1 of organic ferti-
lizer (PengDiXin) containing 30.03% organic matter, 
2.55% N, 2.58% P, and 1.23% K and trace elements 
along with “SaKeFu” (119.04  kg   ha−1), compound 
fertilizer consist of NPK (14.76%, 14.66%, and 
14.46%, respectively), organic matter 2.4% and humic 
acid 5.2% used as a top dressing. JinBa, a compound 
chemical fertilizer containing N 16.94%, P 0.06%, K 
3.46%, organic matter 2.50%, and humic acid 5.27% 
and often used locally for vegetable production, was 
used as a top dressing. Detailed information on how 
these measurements were done and the nutrient and 
carbon content of each fertilizer is provided in the 

supplementary material (Supplementary methods). 
No fertilizer was applied during the winter leafy veg-
etable cropping season.

Soil sampling

Before harvesting leafy vegetables in both years, soil 
sampling was done to elucidate the effect of various 
winter leafy vegetable cropping systems on soil nutri-
ents and microbial communities during 2017–2018. 
In brief, five different plants in each bed were pulled 
carefully at the maximum leaf growth stage, and 
rhizosphere soil was collected by shaking the roots 
of leafy vegetable plants.The remaining soil was col-
lected by gently brushing roots with the sterilized 
brush. The soil from the replicated plot was pooled 
together to make a composite sample. Bulk soil was 
collected from the control plot as a control treat-
ment.  Thus, there were three biological replicates 
from each cropping system. In total, fifteen soil sam-
ples were obtained from the study site, and soil sam-
ples were transported to the laboratory on ice. After 
sieving soil (2 mm sieved), half of the soil was stored 
at −80 °C for DNA extraction and further molecular 
analysis. The other half of the soil was air-dried and 
further used for soil physiochemical analysis.

Soil physicochemical properties

Soil pH (5  g soil) and electrical conductivity (EC) 
were determined by pH meter and microproces-
sor conductivity meter 1:5 ratios (w/v), respectively. 
Soil organic carbon was estimated by the wet oxida-
tion method (Nelson et al. 1979). For the estimation 
of available nitrogen (AN), we have used the alkali-
hydrolyzed diffusion method of Shi (1996). Soil avail-
able phosphorus (AP) was determined by the creation 
of the blue-colored complex after the extraction with 
0.5 M  NaHCO3 (pH 8.5) (Murphy and Riley 1962). 
Available K was determined through the extraction of 
1  N ammonium acetate followed by emission spec-
troscopy (Knudsen et al. 1983).

Soil microbial biomass

Soil microbial biomass carbon (MBC) and microbial 
biomass nitrogen (MBN) were evaluated by chloro-
form fumigation and direct extraction process (Vance 
et  al. 1987). The microbial biomass was calculated 
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using a conversion factor of 0.45 for MBC and 0.54 
for MBN (Jenkinson and Ladd 1981).

Soil enzyme activities

Invertase activity was assessed using the previously 
described method (Tabatabai 1994). Urease and phos-
phatase activities were determined by using meth-
ods proposed by Tabatabai and Bremner (1972). The 
β-glucosidase activity was determined by the method 
proposed by Eivazi and Tabatabai (1988).

Measurement of eggplant yield

Eggplant yield was recorded as the first fifteen har-
vests of market-size fruits from each plot and meas-
ured in kg  m-2, and it was presented as an average 
value of each cropping system (kg  h−1).

Soil DNA extraction and PCR amplification

Total soil DNA was extracted in triplicate from 
all samples using E.Z.N.A. soil DNA Kit (Omega 
Biotek, Norcross, GA, USA), following the recom-
mended protocol of the manufacturer. The integrity 
and concentration of the DNA were evaluated by 
using a spectrophotometer (NanoDrop 2000, Thermo 
Scientific, USA). The 16S rRNA V4-V5 regions were 
amplified using 515F (GTG CCA GCMGCC GCG G) 
and 907R (CCG TCA ATTCMTTT RAG TTT) (Lai 
et  al. 2016) primers. Similarly, the fungal internal 
transcribed spacer (ITS) region of 18S rRNA was 
amplified using ITS1F as a forward primer (5′-CTT 
GGT CAT TTA GAG GAA GTAA-3′) and ITS2R as 
a reverse primer (5′-GCT GCG TTC TTC ATC GAT 
GC-3′) (Adams et al. 2013). All PCR amplifications 
were performed in triplicate 20 μL of PCR reaction. 
The reaction mixture contained a hot master mixture 
with 4  μM of 5 × FastPfu Buffer, 2  μL of 2500  μM 
dNTPs, 0.8 μL of each primer (5 μM), 0.4 μL of Fast-
Pfu Polymerase, and 10 ng of template DNA.

PCR running conditions for 16S rRNA gene were 
as follows: Initial denaturation of DNA at 95 °C for 
2 min, followed by 25 cycles at 95 °C for 30 s, 55 °C 
for 30  s, elongation at 72  °C for 30s, and finally, a 
final extension of 5 min at 72 °C. PCR running con-
ditions for the ITS region were: Initial denaturation 
of DNA at 95  °C for 2  min, followed by 25  cycles 
at 95  °C for 30  s, annealing for 45  s by lowering 

the temperature from 64  °C to 55  °C, of elongation 
at 72  °C and finally terminal extension of 5  min at 
72  °C. Amplicons were extracted from 2% aga-
rose gels and purified using the AxyPrep DNA Gel 
Extraction Kit (Axygen Biosciences, Union City, CA, 
U.S.) according to the manufacturer’s instructions and 
quantified using QuantiFluor™ -ST (Promega, U.S.). 
Purified amplicons were used for library prepara-
tion and sequencing, according to the Illumina 16S 
Metagenomic Sequencing Library Preparation guide 
(downloaded from https:// suppo rt. illum ina. com/ conte 
nt/ dam/ illum inasu pport/ docum ents/ docum entat ion/ 
chemi stry_ docum entat ion/ 16s/ 16s- metag enomic- 
libra ry- prep- guide- 15,044,223-b. pdf). Paired-end 
sequencing (2 × 300  bp) was carried out by using a 
MiSeq System (Illumina, CA, USA).

Bioinformatics analysis

The raw data were processed using QIIME (V1.9.1) 
pipeline under precise purified conditions. Fil-
tered and valid tags were assembled, and chimeric 
sequences were detected and discarded using the 
UCHIME algorithm. After obtaining the quality 
sequences, the UPARSE clustering procedure was 
executed to assemble these quality sequences (97% 
sequence similarity) into operational taxonomic 
units (OTUs) (Edgar 2013). Taxonomic analysis of 
16S rRNA and ITS genes was carried out through 
the SILVA (version 119; http:// www. arb- silva. de) 
and UNITE (version 7.0; http:// unite. ut. ee/ index. 
php) databases for bacteria and fungi, respectively. 
The singletons were discarded before further analy-
sis. Alpha- and beta-diversity (Bray-Curtis, UniFrac 
distance) indices were calculated using QIIME. Bio-
marker features among the sampling group were fur-
ther screened by Metastat and LEfSe software. Dif-
ferentially abundant bacterial and fungal OTUs taxa 
were calculated using linear discriminant analysis 
(LDA) effect size (LEfSe) analysis.

Statistical analysis

The statistical analyses were performed in R and 
IBM SPPS 17.0 (SPSS Inc., Chicago, IL, USA). Soil 
biochemical properties, yield, and alpha diversity 
data were statistically analyzed by two-way ANOVA 
(cropping system × year) to check any significant 
effect of cropping system, sampling year, and their 
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interaction on the variability of data, followed by 
one-way ANOVA with Tukey HSD test at 5% level 
to identify the impact of treatments. A Venn diagram 
was constructed based on unique and shared OTUs 
among treatments. PCoA (Principal coordinate anal-
ysis) based on Bray-Curtis similarity distance was 
applied to display the difference among samples’ 
beta-diversity. The Pearson correlation was executed 
to examine which environmental factor strongly cor-
related with soil microbial class. UPGMA clustering 
analysis was used to exhibit the community compo-
sition difference. To identify significant differences 
among microbial communities based on different 
economic ranks, the LEfSe algorithm was performed 
(https:// hutte nhower. sph. harva rd. edu).

Results

Soil physio-chemical properties

The effect of diversified crop rotation on different 
soil chemical properties is shown in Tables 1 and 2. 
Winter leafy vegetables showed a significant impact 
on soil pH and EC. In both years, soil pH increased 
significantly as compared to the mono-cropping 
system. In contrast, EC decreased considerably in 
all crop rotations compared to FE in both years, but 

statistically, there is no significant difference in the 
two years of interaction. Soil organic carbon was 
higher in all crop rotations than in the mono-crop-
ping system in both years, especially under NCC 
rotation. A similar trend was also observed for avail-
able nutrients. Available N (ammonia and nitrate), 
P, and K were higher in all crop rotations than in the 
mono-cropping system. The highest increase in soil 
available N was observed in NCC, followed by CL 
in 2018. The highest increase of macronutrients was 
observed in the second year (2018), with the high-
est value observed in NCC, followed by CL, WO, 
and LT. Sampling year did not show any significant 
difference between CR and mono-cropping systems.

Content of MBC and MBN were significantly 
increased under CR with winter leafy vegetables 
compared to the mono-cropping systems in both 
years (Table  3). The highest values of MBC 
(431.94  mg·kg−1 in 2017 and 447.86  mg·kg−1 
in 2018) and MBN (49.0  mg·kg−1 in 2017 and 
55.85 mg·kg−1 in 2018) were observed in NCC, fol-
lowed by CL, WO, and LT.

A similar trend was also observed for soil enzyme 
activities. As for microbial biomass, all measured 
enzyme activities were significantly increased under 
CR with winter leafy vegetables compared to the 
mono-cropping system (Table  4). The highest val-
ues of all measured enzyme activities were reported 
in NCC, followed by CL, WO, and LT.

Table 1  Influence of different diversified crop rotation systems on soil pH, EC, organic carbon. Main effect due to treatment (crop 
rotation), sampling year and their interaction was analyzed by Two-way ANOVA

Significance: *p < 0.05; **p < 0.01; ***p < 0.001; ns: not significant. Multiple pairwise comparisons of means were done by Tukey’s 
honestly significant difference (HSD) test at p < 0.05 level of significance to analyze the individual effects of cropping system. Data 
represent means and errors of three replicates. Significant differences within columns are indicated in different lowercase letters. FE 
Fallow eggplant, NCC No Heading Chinese Cabbage, WO Welsh Onion, CL Celery, LT Lettuce

Treatment pH EC (μs •  cm−1) Organic carbon (g.  kg−1)

One-Way 
ANOVA

2017 2018 Means 2017 2018 Means 2017 2018 Means

WO 7.58 ± 0.30a 7.51 ± 0.54a 7.54a 118.60 ± 1.73c 116.23 ± 1.23c 117.41c 18.39 ± 0.32c 19.08 ± 0.19bc 18.37bc

CL 7.50 ± 0.32a 7.43 ± 0.49a 7.47a 106.13 ± 1.98d 104.01 ± 1.10d 105.07c 19.34 ± 0.02bc 20.00 ± 0.48ab 19.68b

NCC 7.64 ± 0.42a 7.56 ± 0.18a 7.60a 119.33 ± 3.38c 116.95 ± 2.12c 118.14c 21.07 ± 1.10ab 22.00 ± 0.58a 21.54a

LT 7.56 ± 0.02a 7.48 ± 0.82a 7.52a 165.33 ± 3.40b 162.02 ± 1.97b 163.67b 18.08 ± 0.22c 18.42 ± 0.29c 18.25bc

FE 7.22 ± 0.37b 7.29 ± 0.16b 7.25b 273.00 ± 1.95a 281.19 ± 1.70a 277.10a 17.72 ± 0.24c 16.83 ± 2.15c 17.28c

Year Means 7.50a 7.45a 156.48a 156.08a 18.92a 19.27a

Two-Way 
ANOVA

Treatments Year Interac-
tion

Treatment Year Interac-
tion

Treatment Year Interac-
tion

*** ns ns *** ns ns *** ns ns
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Alpha diversity

After quality filtering, chimera cleaning, and 
removal of singletons, 18,266 and 47,824 reads were 
identified for bacterial 16S rRNA gene and internal 
transcribed spacer (ITS) fungal region across all 
samples. In the bacterial population, we identified 
4558 OTUs, classified into 37 phyla, 93 classes, 213 
orders, 405 families, 785 genera, and 1570 species. 
A total of 1053 OTUs were obtained in the fungal 
population, classified into nine phyla, 25 classes, 61 
orders, 120 families, 236 genera, and 375 species 

across all sampling. The rarefaction curve was used 
to evaluate OTUs richness between bacteria and 
fungi, indicating the sequencing depth sufficient to 
cover detectable species in all samples (Fig.  S1). 
Exclusive and shared OTUs between different crop-
ping systems were revealed through the Venn dia-
gram (Fig.  S2). In 2017 total of 243 fungal OTUs 
were shared between all cropping systems. The high-
est exclusive OTUs (67, 27.57%) were found in both 
FE and NCC, and the highest shared OTUs (146, 
60.08%) were found between FE-WO and FE-CL. 
In 2018, 275 fungal OTUs were shared among all 

Table 2  Influence of different diversified crop rotation systems on soil available nutrients. Main effect due to treatment (crop rota-
tion), sampling year and their interaction was analyzed by Two-way ANOVA

Significance: *p < 0.05; **p < 0.01; ***p < 0.001; ns: not significant. Multiple pairwise comparisons of means were done by Tukey’s 
honestly significant difference (HSD) test at p < 0.05 level of significance to analyze the individual effects of cropping system. Data 
represent means and errors of three replicates. Significant differences within columns are indicated in different lowercase letters. FE 
Fallow eggplant, NCC No Heading Chinese Cabbage, WO Welsh Onion, CL Celery, LT Lettuce

Treatment Available N (mg·kg-1) Available P (mg·kg-1) Available K (mg·kg-1)

One-Way 
ANOVA

2017 2018 Means 2017 2018 Means 2017 2018 Means

WO 112.03 ± 1.43c 119.67 ± 0.88c 115.85b 28.40 ± 1.21cd 41.21 ± 0.87ab 34.80ab 347.37 ± 3.40de 361.57 ± 3.87bcde 354.47b

CL 139.33 ± 1.82b 145.17 ± 1.22ab 142.25a 27.39 ± 3.63cd 39.68 ± 1.54ab 33.54bc 370.03 ± 6.30abc 385.58 ± 5.14a 377.81a

NCC 142.33 ± 3.31b 161.23 ± 1.92a 151.78a 25.40 ± 1.37c 39.59 ± 1.97ab 32.50bc 365.87 ± 7.50abcd 380.18 ± 3.63ab 373.03a

LT 110.13 ± 1.08c 104.67 ± 0.65c 107.40b 31.62 ± 1.16d 43.09 ± 2.43b 37.36a 342.46 ±  13e 363.78 ± 3.87bcd 353.12b

FE 103.33 ± 1.37c 108.179 ± 0.84c 105.75b 24.83 ± 0.25d 37.61 ± 1.18d 31.21c 341.72 ± 5.41e 356.14 ± 4.04cde 348.93b

Year means 120.34b 128.87a 27.53b 40.35a 353.49b 369.45a

Two-Way 
ANOVA

Treatments Year Interaction Treatment Year Interac-
tion

Treatment Year Interac-
tion

*** ns ns *** *** ns *** * ns

Table 3  Influence of different diversified crop rotation systems on soil MBC and MBN. Main effect due to treatment (crop rotation), 
sampling year and their interaction was analyzed by Two-way ANOVA

Significance: *p < 0.05; **p < 0.01; ***p < 0.001; ns: not significant. Multiple pairwise comparisons of means were done by Tukey’s 
honestly significant difference (HSD) test at p < 0.05 level of significance to analyze the individual effects of cropping system. Data 
represent means and errors of three replicates. Significant differences within columns are indicated in different lowercase letters. FE 
Fallow eggplant, NCC No Heading Chinese Cabbage, WO Welsh Onion, CL Celery, LT Lettuce

Treatment MBC (mg·kg−1) MBN (mg·kg−1)

One-Way ANOVA 2017 2018 Means 2017 2018 Means

WO 338.42 ± 5.15c 351.03 ± 3.00c 344.72c 32.16 ± 1.09de 34.63 ± 1.85d 33.40c

CL 412.06 ± 5.32b 417.37 ± 3.82b 414.71b 38.74 ± 1.37cd 45.87 ± 1.62bc 42.31b

NCC 431.94 ± 3.40ab 447.86 ± 3.19a 439.90a 49.00 ± 3.15ab 55.86 ± 2.75a 52.43a

LT 335.74 ± 4.20c 344.44 ± 6.25c 340.09c 29.46 ± 1.17def 35.44 ± 1.95d 32.45c

FE 236.02 ± 3.22d 247.95 ± 2.83d 241.99d 20.64 ± 1.93f 24.12 ± 1.64ef 22.38d

Year Means 350.84b 361.73a 34.00b 39.18a

Two-Way ANOVA Treatments Year Interaction Treatment Year Interaction
*** *** ns *** *** ns
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cropping systems. The highest unique OTUs (62, 
25.83%) were observed in FE, while the highest 
shared OTUs (193, 80.41%) were found between 
CL and WO. The bacterial Venn diagram illustrated 
that 2088 bacterial OTUs were shared between dif-
ferent cropping systems and FE in 2017. The high-
est unique OTUs (104, 4.98%) were observed under 
FE, and maximum shared OTUs (647, 30.98%) were 
observed between NCC and WO. The total number 
of OTUs, 2090, was found in 2018. WO and NCC 
shared maximum OTUs (826, 39.52%) and maxi-
mum exclusive OTUs (172, 8.23%) under FE.

Estimated diversity indices for fungi and bacte-
ria are shown in Tables S1 and S2. ACE and Chao 
indices were used to reflect the OTUs in different 
samples. In contrast, the Shannon index was used 
to reflect the richness and evenness of species in the 
sample (Table S1). In 2017, fungal diversity indices 
were higher in the mono-cropping system than in the 
CR with winter leafy vegetables. In contrast, diver-
sity and richness were significantly higher in CR 
than in mono-cropping in 2018. A similar trend was 
observed for the bacterial community (Table  S2). 
Fungal and bacterial diversities did not significantly 
impact the sampling year or their interaction with 
treatment.

Beta diversity

PCoA of Bray-Curtis distance was used to ana-
lyze the variation in the microbial communities 
as affected by different cropping systems (Fig. 1). 
The first two components, which accounted for 
56.63% (2017) and 48.57% (2018) of the total 
explained variance, were used to visualize an 
ordination biplot PC1 vs PC2 (Fig.  2). The plot 
revealed that the fungal community of FE (Fal-
low eggplant) was clustering separately from CR. 
However, fewer differences were observed among 
CR with winter leafy vegetables, especially in 
2017. In 2018, a fungal community under CL 
plantation was clustering separately from other 
winter leafy vegetables.

In 2017, the 1st and 2nd axis showed a 41.59% 
variance in bacterial communities, while it 
depicted a 42.90% variation in 2018. No differ-
ences were observed during the 2017 sampling 
as communities were overlapping and there was 
no apparent clustering among them (Fig.  1). Ta
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However, some differences were observed in 
2018. The fungal community showed that the 
mono-cropping (FE) bacterial community was 
clustering separately from different CR with win-
ter leafy vegetables. Further, the bacterial com-
munity under CL and NCC were clustered inde-
pendently from each other.

Taxonomic composition

Taxonomic profiling revealed that fungal phyla 
in four cropping systems were similar in diver-
sity while diverse in abundance in 2017 and 2018 
(Fig. S3). Overall, six fungal phyla were identified, 
and four out of six accounted for 96% and 98% in 

Fig. 1  Principal coordinates analysis (PCoA) of soil fungal 
and bacterial communities at the OTU level among different 
diversified crop rotation. The fig a and b represent variance in 
soil fungal community structures and fig c and d represent var-

iance in soil bacterial community structures. 1: 2017, 2:2018, 
FE: Fallow eggplant, NCC: No Heading Chinese Cabbage, 
WO: Welsh Onion. CL: Celery, LT: Lettuce
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2017 and 2018, respectively. Ascomycota, followed 
by Zygomycota, were the most abundant phyla in 
CR during both years (Fig. S3). There was a reduc-
tion in the relative abundance of Ascomycota in CR 
in both years, except for lettuce rotation only in the 
first year. The highest reduction was observed in CL 
(44.14%) in 2017. Relative abundance of Basidio-
mycetes was very low in all CR compared to mono-
cropping except LT, where it increased by 20.53 and 
2.73% in 2017 and 2018. At the genus level, Mor-
tierella is  followed by Acremonium, Sordariomy-
cetes, Hypocreales, Fusarium, Fungi_unclassified, 
Botrytis, Ascomycota_unclassified, Chaetomiaceae, 
Incertae_sedis_unclassified were ten major fun-
gal taxa found in both years (Fig. S4). CR systems 

have a variable effect on the bacterial genus in both 
years.

In both years, different vegetable cropping systems 
altered bacterial communities at phylum and genus 
levels (Figs. S3 and S5). A total of 16 bacterial phyla 
were observed, and ten out of sixteen accounted for 
96.14% in 2017 and 96.57% in 2018 (Fig. 3). Proteo-
bacteria was the most abundant bacterial phyla, fol-
lowed by Acidobacteria, Actinobacteria, Chloroflexi, 
Planctomycetes, Bacteroidetes, Firmicutes, Gemma-
timonadetes, and Nitrospirae in both years. Relative 
abundance of Proteobacteria was increased in all 
CR systems in both years compared to monoculture 
except NCC only in 2017. The crop rotation system 
reduced the abundance of Acidobacteria compared 
to FE. The highest reduction was observed under LT 

Fig. 2  Linear discriminant analysis effect size (LEfSe) for 
fungal taxa under diversified crop rotation. Cladogram show-
ing significantly enriched fungal taxa (from phylum to family 
level). Significant differences are defined at P < 0.05 and an 
LDA score > 4.0. Cladogram representing the taxonomic hier-
archical structure of phylotype biomarkers identified under 

diversified crop rotation in two years. Yellow circles, phylo-
types for which relative abundance is not significantly differ-
ent under given treatments while other showed significantly 
affected by CR treatment and year. 1: 2017, 2:2018, FE: Fallow 
eggplant, NCC: No Heading Chinese Cabbage, WO: Welsh 
Onion. CL: Celery, LT: Lettuce

Plant Soil (2022) 480:603–624612
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and NCC in 2017 and 2018, respectively. CR systems 
had a positive effect on Actinobacteria, as there was 
an increase in the relative abundance in both years 
in all CR systems compared to FE. Chloroflexi was 
increased in 2017 except CL, which decreased to 
5.87%. However, in 2018, Chloroflexi decreased in 
all CR systems except CL, increasing 2.5% compared 
with FE. Planctomycetes exhibited a declining trend 
in 2017 and 2018 in all CR systems compared with 
FE. Bacteroidetes and Firmicutes exhibited a declin-
ing trend in 2017 except in LT. On the contrary, their 
abundance increased in 2018 in all CR systems com-
pared to FE except CL 6.13%. Gemmatimonadetes 
decreased in all cropping systems in both years except 

in 2017; it was 6.92% and 24.94% higher in CL and 
NCC, respectively. In 2017, Nitrospirae decreased in 
all cropping systems compared to FE except in NCC. 
While there was a reduction during 2018, and the 
highest reduction of 38.02% was observed under WO. 
At genus level, the Actinobacteria, Nitrospira, and 
Bacillus were the most dominant in all the CR sys-
tems in both years. The dominant families (Anaero-
lineaceae, Gemmatimonadaceae, Nitrosomona-
daceae) followed by the orders (Xanthomonadales, 
and Gaiellales), and the genera (JG30-KF-CM45, 
H16) were also enriched in  all CR systems. CR sys-
tems have a variable effect on the bacterial genus in 
both years.

Fig. 3  Linear discriminant analysis effect size (LEfSe) for 
Bacterial taxa under diversified crop rotation. Cladogram 
showing significantly enriched bacterial taxa (from phylum to 
family level). Significant differences are defined at P < 0.05 
and an LDA score > 4.0. Cladogram representing the taxo-
nomic hierarchical structure of phylotype biomarkers identified 

under diversified crop rotation in two years. Yellow circles, 
phylotypes for which relative abundance is not significantly 
different under given treatments while other showed signifi-
cantly affected by CR treatment and year. 1: 2017, 2:2018, FE: 
Fallow eggplant, NCC: No Heading Chinese Cabbage, WO: 
Welsh Onion. CL: Celery, LT: Lettuce

Plant Soil (2022) 480:603–624 613



1 3
Vol:. (1234567890)

Comparative assessment of microbial biomarkers

LFSE (linear discriminant analysis effect size) anal-
ysis and linear discriminant analysis (LDA) was 
employed to determine the further changes that 
occurred in fungal and bacterial community struc-
ture under CR systems (Fig.  2). LDA score higher 
than four was used to distinguish the different fungal 
and bacterial groups among various CR systems and 
years. Relative abundance of the fungal order Hypo-
creales was significantly enriched in FE compared 
to CR systems in 2017, while the relative abundance 
of Dothideomycetes and Leotiomycets was higher in 
FE in 2018 compared to CR systems. Relative abun-
dances of the families Mortierellaceae and Halospa-
eriaceae were significantly affected by CL plantation 
in 2017 and 2018, respectively. LT rotation signifi-
cantly affected the relative abundance of order Micro-
ascales only in 2018. NCC cropping system signifi-
cantly affected the Helotiales and Leotiomycetes in 
2017 and Cordycipitaceae in 2018.

For bacteria, the relative abundance of Betapro-
teobacteria (Nitrosomonadaceae) and Deltaproteo-
bacteria was significantly changed in monoculture in 
2017, while the relative abundance of Acidobateria 
and Planctomycetes was changed in 2018 (Fig.  3). 
Genus Pseudarthrobacter (Micrococcaceae, Actino-
mycetes) and family bacilli (Firmicutes) were sig-
nificantly affected by CL rotation in  2017, while 
significant changes were only observed to Gemmati-
nomonadetes in 2018 rotation. Taxa belonging to 
the Gaiellales order from Actinonacteria and Coma-
monadaceae family from Betaproteobacteria signifi-
cantly responded to NCC rotation in 2017 and 2018, 
respectively. LT rotation only has a significant effect 
on Sphingobacteriaceae (Bacteriodetes) during 2017. 
Plantation of WO did not have any significant impact 
on any of bacterial taxa.

Control of soil chemical and biochemical properties 
on soil bacterial and fungal community

Pearson correlation was executed among different 
soil edaphic factors to examine which environmen-
tal factor strongly correlates with soil bacterial and 
fungal taxon abundances (Figs. 4 and 5). Fungal taxa 
at the genus level showed a strong positive correla-
tion, including Mortierella, with all soil properties 
(Fig.  4). The taxa Sordariales and Rozellomycota 

positively correlated with pH, soil invertase, and 
β-glucosidase. Verticillium has a positive correla-
tion with MBC, MBN, OM, SOC, and β-glucosidase. 
While some Ascomycota_unclassified and Microas-
caceae_unidentified had a negative correlation with 
all parameters.

Similarly, a significant positive correlation 
was observed among Solirubrobacter, MSB-1E8, 
TRA3–20, Nocardioides, KD4–96, and AP, MBN, 
MBC, β-glucosidase, invertase, OM, SO, AK, soil 
urease, and soil phosphatase (Fig.  5). In contrast, a 
highly negative correlation was observed between 
Bacillus, RB41, Tectomicrobia, TK10, Acidimicro-
biales, Gemmatimonadaceae, Armatimonadetes, 
Latescibacteria, NB1-j, Acidobacteria, Planctomy-
cetaceae, Acidobacteria, Bryobacter, Roseiflexus, 
H16, Gaiellales and Actinobacteria, and AP.

Eggplant yield

The effects of different leafy vegetable species on 
eggplant yield during the years 2017 and 2018 are 
shown in Fig.  6. Results showed that rotation with 
leafy vegetables significantly increases eggplant pro-
duction compared with fallow eggplant. The high-
est production was observed under the NCC rotation 
treatment in both years.

Discussion

Effect of crop rotation with different winter 
vegetables on soil physicochemical properties

Cover crops enhance soil nitrogen availability by 
nutrient acquisition during their growth. Afterward, 
they are made available to subsequent crops by the 
residue decay process, hence  reducing nitrate leach-
ing (White et al. 2022). Several studies have indicated 
that belowground rhizodeposits and roots inputs are 
the primary sources of belowground C and contrib-
ute up to 75% of SOM (Gale and Cambardella 2000; 
Jones et  al. 2009). Continuous rhizodeposition may 
promote microbial biomass carbon, a crucial precur-
sor to SOM (Sokol and Bradford 2019). Further, pre-
vious studies showed that root-derived C was more 
important for the formation of stable C (Kong and 
Six 2010, 2012). Under this concept, NCC and CL 
increased SOC and MBC by releasing root exudates 
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or through dead root residues. Previous studies indi-
cated that living cover crops significantly improved 
SOC and MBC content compared to bare fallow by 
releasing low molecular C contents in the soil through 
rhizodeposition (Austin et  al. 2017; Coombs et  al. 
2017). However, rhizodeposition decrease with plant 
maturity, but the addition of mature roots as residue 
to soil act as a microbial substrate, thus increasing 

MBC and SOC (Bottner et al. 1988; Chahal and Van 
Eerd 2020).

Soil nutrients and enzymatic activities are vital 
indicators for soil quality and belowground microbial 
activities. Leafy vegetables significantly induced soil 
nutrients and biological activities in the present study 
(Tables  1, 2 and 3). In  both years, maximum avail-
able nutrients and biological activities were observed 

Fig. 4  Pearson correla-
tion coefficients between 
fungal taxon at genus level 
and environmental factors. 
Values >0.55 or < 0.55 are 
significant positive or nega-
tive correlation. Red to Blue 
colour indicates positive to 
negative correlations

Plant Soil (2022) 480:603–624 615
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under the NCC and CL rotations. This could be due 
to the greater capacity of non-leguminous crops to 
uptake and conserve residual N, which afterward 
become available to subsequent cash crop through 
rhizodeposition or cover crop residue decomposi-
tion (Shipley et  al. 1992; Strock et  al. 2004). Fur-
ther, several previous studies have reported that root 
C and N inputs are mainly responsible for regulating 
soil microbial and enzyme activities (Cotrufo et  al. 
2013; Schmidt et al. 2011). Following this idea, NCC 
and CL modify the soil environment by releasing 

nutrients into the soil through their roots in the form 
of root exudates or dead roots. Our findings were 
consistent with previous short-term observations that 
substantial improvements in soil properties may be 
predicted under different agronomic practices such as 
planting systems and soil quality (Chang et al. 2017; 
Wang et  al. 2020). Our results exhibited that dif-
ferent cover crops could be effectively used in crop 
rotation by reducing external inputs without creat-
ing negative soil changes. Therefore, using CR with 
winter leafy vegetables effectively enhances the soil 

Fig. 5  Pearson correla-
tion coefficients between 
bacterial taxon at genus 
level and environmental 
factors. Values >0.5 or < 0.5 
are significant positive or 
negative correlation. Red to 
green colour indicates posi-
tive to negative correlations

Plant Soil (2022) 480:603–624616
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physicochemical properties of continuous cropping 
soil under plastic greenhouse cultivation.

Effect of crop rotation with different winter 
vegetables on eggplant yield

CR with winter leafy vegetables reduced yield losses 
due to mono-cropping eggplant. NCC and CL sig-
nificantly increased eggplant yield in both years. The 
results revealed that the higher yield of eggplant was 
associated with higher nutrient deposition and soil 
biological activation, which indicated the benefi-
cial effect of these crop rotations in increasing crop 
yield and restitution of degraded soil due to con-
tinuous cropping of eggplant. Previous studies have 
demonstrated the yield-promoting impact of differ-
ent crop rotations with spinach-cucumber and Chi-
nese cabbage-tomato systems (Ali et  al. 2021; Lyu 
et  al. 2020). The other possible reason behind yield 

enhancement in the NCC system is that Brassicaceae 
vegetables contain secondary metabolites such as glu-
cosinolates, and their breakdown product (isothiocy-
anate) can suppress numerous soilborne pathogens 
such as Fusarium oxysporum of eggplant and hence, 
have a positive impact on eggplant yield (Li et  al. 
2017; Zhou et al. 2017).

Effect of crop rotation with different winter 
vegetables on soil microbial community structure and 
diversity

There were no differences  observed in the structure 
of microbial communities (both fungi and bacteria, 
Fig.  1) between FE and CR systems during the first 
year  of rotation (in 2017). However, changes were 
observed in 2018 (second  year), as both fungal and 
bacterial communities were clustering separately 
under FE and CR systems. A previous study by 

Fig. 6  Effect of different leafy vegetable species on eggplant 
yield during the years 2017 and 2018. Data are presented as 
means with standard deviation (n = 3). Different letters show 

significant differences at p < 0.05 level. FE: fellow eggplant; 
WO: welsh onion; CL: Celery; NCC: no heading Chinese cab-
bage; LT: Lettuce
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Ashworth et al. (2017) exhibited similar results where 
corn-soybean rotation showed similar communities 
after one season. This evidence indicates that various 
crop rotations may be used to modify soil microbes. 
This observation indicates that distinct communi-
ties were not crop-specific; rather, it depends on crop 
rotation duration. Similarly, in this study, bacteria and 
fungi communities’ structure exhibited rotation-spe-
cific impact rather than crop-specific (Chamberlain 
et al. 2020).

Crop rotations do not have a significant effect 
on bacterial α-diversity. It is not surprising that the 
effects are not strong in the short term but only appar-
ent after more than one year because all of the plots in 
this study were managed similarly. These results are 
consistent with a meta-analysis done by Venter et al. 
(2016), indicating that microbial richness and diver-
sity were associated with more diverse and long-term 
crop rotation. Different leafy vegetables can have a 
different impact on fungal α-diversity in continuous 
mono-cropping soil. As shown in Table S1, in 2018, 
fungal richness was increased in CL, WO, and LT. 
Rotation of crops with strong allelochemicals can 
effectively influence the richness and diversity of soil 
fungi (Ding et al. 2018). It has been well documented 
that continuous mono-cropping can increase the soil 
fungal richness (Ghani et al. 2019b; Meng et al. 2012).

In this study, NCC rotation decreased fungi rich-
ness in both years. There are several explanations 
for this; NCC has different allelochemicals that can 
reduce eggplant self-toxicity, inhibit pathogenic 
fungi, and improve soil micro ecological environment 
(Alvey et al. 2003; Zhu and Fox 2003; Li et al. 2012). 
This is one of the important findings of this study 
because the rotation of different leafy vegetables has 
the opposite impact on fungal diversity and richness 
in mono-cropping soil.

Effect of crop rotation with different winter 
vegetables on soil microbial composition

Plants influence soil microbes through the magnitude 
and quality of root exudates (Philippot et  al. 2013a) 
and litter (De Long et al. 2019; Hannula et al. 2021). 
Continuous monocropping of eggplant increased the 
accumulation of plant pathogens and disease inci-
dence in the plant. Different cover crops included in 
crop rotation significantly decreased the abundance of 
pathogenic bacteria and fungi and increased beneficial 

microbes (Liu et al. 2021). Still, this effect was crop 
and rotation specific due to the different nature of 
root exudates, litter quality, and chemistry. Leafy veg-
etables induced the abundance of several beneficial 
microbial phyla that could suppress plant pathogens 
and promote plant growth, such as Proteobacteria, 
Planctomycetes, Firmicutes, and Bacteroidetes. Pro-
teobacteria plays an essential role in promoting plant 
growth by nutrient acquisition and suppression of dis-
ease and can use a wide range of carbon substances 
derived from roots (root exudation and decomposing 
residues) (Philippot et al. 2013b; Xiong et al. 2015). 
The phylum Planctomycetes contains microbes that 
are antagonistic to the causal agent of wilt diseases 
in different crops (Chen et al. 2018). Similarly, Firmi-
cutes and Bacteroidetes were involved in suppressing 
the growth of Rhizoctonia Solani (Ali et  al. 2019b; 
Li and Wu 2018). Actinobacteria can produce a wide 
range of antibiotics that inhibit the growth and devel-
opment of a diverse range of plant pathogens (Aziz 
et al. 2021; Li and Wu 2018).

Leafy vegetables suppress the growth of several 
phyla, such as Acidobacteria, Chloroflexi, Gemmati-
monadetes, and Nitrospirae. Acidobacteria is thought 
to be slow-growing bacteria (Fierer et al. 2007), and 
we have observed a low abundance of Acidobacte-
ria in the leafy vegetable planting system. It is more 
likely due to Acidobacteria being more adapted to the 
nutrient-limited soil environment (Fierer et al. 2012). 
Nitrospirae plays a key role in the ammonia and 
nitrite oxidation process (Norton 2008; Shaw et  al. 
2006). Reduction in the abundance of Nitrospirae 
in the leafy vegetable cropping system can reduce 
the nitrification process and, consequently, enhance 
the availability of ammonia nitrogen and reduce the 
loss of nitrogen through leaching and denitrifica-
tion (Norton and Ouyang 2019). A similar pattern 
was observed in our previous study, where winter 
leafy vegetables decrease the abundance of Nitros-
pirae by increasing nitrogen availability (Ali et  al. 
2019b). Gemmatimonadetes abundance was higher 
in FE plots as compared to rotation treatments. This 
is another important finding of our study because 
Gemmatimonadete encompasses denitrifiers capable 
of converting soil  NO3-N into  N2 or  N2O, resulting 
in nitrogen loss and declining soil fertility and crop 
yield (Yang et al. 2018).

The CR system increased several benefi-
cial microbes at the genus level and suppressed 
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pathogenic bacteria. For example, Xanthomonadales 
have been previously documented as a disease-
causing pathogen and cause yield reduction to more 
than 400 agricultural plants (Okubara and Bonsall 
2008). CR promoted the growth of certain beneficial 
microbes, which had an antagonistic impact on soil-
borne pathogens and revealed an increase in plant 
growth by releasing active secondary metabolites in 
soil, e.g., Bacillus is reported to promote plant growth 
with the ability to fight against soilborne pathogens 
by secreting active secondary metabolites (Egamber-
dieva 2016). Pseudarthrobacter has the potential to 
degrade the concentration of 4-chlorophenol and may 
be helpful in the bioremediation process (Jansson 
2000). Lysobacter is another plant growth-promoting 
bacteria found in higher abundance in the CR system, 
capable of suppressing the phytopathogens by releas-
ing various antimicrobial compounds and extracellu-
lar enzymes (Gómez Expósito et al. 2015).

The literature has widely discussed that Fusarium 
oxysporum is one of the key pathogenic fungi which 
causes Fusarium wilt in eggplant (Safikhani et  al. 
2013). Reduction in the abundance of Fusarium 
exhibited that leafy vegetable as a cover crop is an 
effective management practice to prevent soilborne 
plant diseases of eggplant. Besides, leafy vegetables 
excrete different kinds of allelochemicals, especially 
NCC (Yeo et al. 2021). The Brassicaceae family that 
produces secondary metabolites such as glucosi-
nolates and their hydrolysis products can inhibit soil-
borne pathogens, including Fusarium oxysporum, 
a  dominant fungal plant pathogen, and cause many 
plant diseases (Liu et  al. 2019). Botrytis is another 
important eggplant pathogenic fungus that causes 
gray mold disease in eggplant, and it can reduce 
20–30% of eggplant production (D.C. Mosou). Rota-
tion with winter leafy vegetables reduced the botrytis. 
Our results align with the previous study by Lyu et al. 
(2020) that crop rotation with winter leafy vegetables 
efficiently reduced botrytis.

Cover crops used as a crop rotation have signifi-
cant positive effects on soil microbial community and 
diversity structure and increased beneficial microbes 
(Liu et  al. 2021; Lyu et  al. 2020). CR increases the 
relative abundance of some beneficial fungal genera, 
suppressing the different diseases in vegetables such 
as Mortierella and Acremonium. Mortierella inhib-
its many pathogens by producing antibiotics (Melo 
et  al. 2014). Similarly, Acremonium also acts as a 

biocontrol against many diseases by producing lytic 
enzymes and antimicrobial compounds (Anisha and 
Radhakrishnan 2015). The abundance of Hypocre-
ales in NCC rotation was reduced as compared to 
FE cropping system in both years. Hypocreales have 
been identified to play a vital role in denitrification 
and reduced nitrogen losses (Risgaard-Petersen et al. 
2006). Thus, a reduction in the abundance of Hypo-
creales under NCC rotation suggests the importance 
of NCC in a crop rotation. The CR with winter leafy 
vegetables used in this study effectively suppresses 
soilborne disease pathogens caused by continuous 
monocropping of eggplant.

Relationships between soil edaphic factors and soil 
bacteria and fungi

Cover crops used as a crop rotation effectively pro-
tect vegetable production and soil sustainability by 
altering the soil microenvironment and regulating soil 
fertility by improving soil physio-chemical properties 
(Blanco-Canqui et  al. 2015). Enormous studies have 
exhibited that environmental factors shape micro-
bial community structure and community (Ali et  al. 
2019b; Ghani et  al. 2019b; Lyu et  al. 2020; Pathan 
et al. 2020). The fungal genus Mortierella had a posi-
tive correlation with soil biochemical properties such 
as urease, Invertase, phosphatase, β-glucosidase, AN, 
MBN, MBC, SOC, yield, and pH. Mortierella is a 
slow-growing K-strategist fungi known to assist crops 
and mycorrhizal fungi in phosphorus acquisition (Li 
et  al. 2018; Ozimek and Hanaka 2020). Further, it 
has the functional capacity to decompose recalcitrant 
substances and also harbors genes associated with the 
degradation of toxic substances, thereby improving 
soil health (Li et al. 2017; Nakagawa et al. 2006). Soil 
enzymatic activity, SOC, AN, AK, MBC, and MBN 
were the main factors influencing soil bacterial com-
munity structure. Some taxa such as Solirubrobacter 
and Nocradioides had a positive while Bacillus, Aci-
dimicorbiales, Gemmatimonadaceae, etc., had a neg-
ative correlation with these parameters. Our results 
are in line with the previous finding, which shows 
that influence of soil quality parameters on composi-
tion of the bacterial population is highly disparates 
and fluctuates with taxa to taxa (Fernández-Calviño 
and Bååth 2016; Lyu et al. 2020; Rousk et al. 2010; 
Sánchez-Marañón et al. 2017).

Plant Soil (2022) 480:603–624 619



1 3
Vol:. (1234567890)

Conclusion

Within the context of the transition of agricultural 
practices towards sustainable vegetable cultivation, 
our findings indicate that different leafy vegetable 
species used as a cover crop in crop rotations could be 
successfully used to minimize external inputs with-
out reducing yield by improving degraded soil under 
the plastic tunnel. Conclusively, cover crops, winter 
leafy vegetables including WO, CL, NCC, and LT 
crop improved physiochemical properties and bacte-
rial and fungal community and diversity structure 
by increasing soil beneficial microbes and suppress-
ing soilborne pathogen and hence improved eggplant 
yield. Moreover, the impact on soil microbial com-
munity was more evident with increasing cover crop 
rotation time, i.e., more than one year. Among differ-
ent leafy vegetable species studied in this experiment, 
NCC and CL were more effective in alleviating the 
negative impact of continuous cropping.
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