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Abstract
Background  Saffron (Crocus sativus L.) is a valuable herb. With the increasing demand for saffron, people are starting 
to focus on how to increase its yields. Intercropping and microbial interactions have a positive effect on plant yield, 
including enhanced soil fertility, enriched microbial diversity, reduced pest and disease incidences, and improved 
plant growth. However, the impact of intercropping saffron with other plants on saffron yields and soil microbial 
community diversity remains unclear. In our study, we counted the number of saffron flowers in two cropping 
patterns (saffron monoculture and saffron-grape intercropping), and analyzed the microbial community diversity and 
composition using Illumina high-throughput sequencing methods based on 16 S and ITS amplicons.

Results  The results showed that saffron-grape intercropping significantly increased number of flowers compared 
to saffron monoculture (P < 0.01). Saffron-grape intercropping influenced rhizosphere soil chemical properties and 
altered rhizosphere microbial communities. The pH of intercropped rhizosphere soil increased significantly from 5.84 
to 6.43. Spearman’s correlation revealed a significantly positive correlation between pH and Bacillus, Sphingomonas, 
Sphingobacterium, Halomonas, Pseudolabrys, and Dongia. Conversely, it showed a significant negative correlation 
with Pedobacter, Achromobacter, Tumebacillus, and Sphingopyxis in bacteria. In fungi, a significant negative correlation 
was observed. Although there was no significant difference in diversity, intercropping increased the observed 
richness and biodiversity of both bacteria and fungi compared to monoculture. The intercropping led to a higher 
relative abundance of bacterial genera such as Sphingomonas and Streptomyces, as well as fungal genera including 
Acremonium, Llyonectria, Penicillium, Cadophora, Plectosphaerella, and Tetracladium. Intercropping decreased the 
dominance of certain microbial taxa, including Fictibacillus, Microbacterium, and Glutamicibacter among bacterial 
genera, as well as Fusarium and Arthrographis among fungal genera. Additionally, functional analysis revealed that 
intercropping was significantly higher (P < 0.01) than monoculture in dark hydrogen oxidation, denitrification, 
nitrate denitrification, nitrous oxide denitrification, nitrite denitrification, and manganese oxidation. Plant pathogens 
decreased from 6.13% in monoculture to 2.46% in intercropping.
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Background
Saffron (Crocus sativus L.) is a treasured herbal plant, 
known as “red gold” due to its low yield but high value 
[1]. The red pistils of saffron are widely used in health-
care, food and skincare. Increasing their production will 
help meet the growing demands of the population [2]. 
However, saffron yield has shown significant decline 
worldwide in recent years, due to several biotic and abi-
otic factors [3]. Crop practices such as monoculture, 
intercropping, and crop rotation can effectively regulate 
the effects of these factors on yield [4, 5]. Saffron propa-
gates vegetatively through the formation and growth of 
tuberous bulbs (known as corms) [6]. Saffron monocul-
ture in the same location resulted in the frequent occur-
rence of corm rot diseases [7], which has been recognized 
as a limiting factor for saffron corm quality and flower 
yield [5, 8]. Even though chemical pesticides have proven 
effective at controlling corm rot and increasing saffron 
yields [3], their prolonged use generally leads to reduced 
disease resistance, which negatively impacted plant sur-
vival and the sustainability of agricultural practices [9]. 
Intercropping is the simultaneous cultivation of at least 
two crops within a single field [10]. As a diverse cropping 
strategy, intercropping has shown potential in solving 
the above issues and boosting crop yields by enhancing 
nutrient acquisition efficiency [11], promoting the abun-
dance of beneficial microbiota, and generating antagonis-
tic microbiota that suppress soil-borne diseases [12].

Soil microorganisms play a significant role in maintain-
ing soil functions and ecosystem sustainability, as they 
participat in the cycling of nutrients and the decom-
position of organic matter [13]. Microbial activity can 
influence the pH, organic matter, nutrient content, and 
particle fraction of the soil [14]. In turn, different charac-
teristics of the soil can affect the diversity and composi-
tion of the plant microbiome [15, 16]. Intercropping is an 
effective way for altering soil microbial populations and 
influencing soil ecosystem functioning [17]. For instance, 
intercropping maize and peanuts activated the bacterial 
community’s functions related to amino acid metabolism 
and carbohydrate metabolism, which resulted in a reduc-
tion of pathogenic fungi [18]. Intercropping promoted 
the accumulation of beneficial bacteria, thereby enhanc-
ing resistance to pathogenic infections [19]. Faba bean-
wheat intercropping can reduce the nutrients required 
for pathogen growth, limit pathogen proliferation, and 

contribute to the alleviation of disease Fusarium wilt 
[20]. An increasing number of studies suggested that 
intercropping not only alters the structure and activity 
of the soil microbiome but can also affect the crop yields 
[21]. For example, intercropping Chrysanthemum mori-
folium-maize can recruit a large number of beneficial 
microorganisms into the soil, including Bacillus, Sphin-
gomonas, Burkholderia-Caballeronia-Paraburkholderia, 
Chaetomium, and Ceratorhiza. This enrichment can 
increase the soil content of AN, NN, AvK, ExCa, AvCu, 
AvZn and other nutrients, thereby promoting the growth 
and quality of C. morifolium [22]. Therefore, it is neces-
sary to understand whether intercropping affects the 
microbial community and improves saffron yield.

The study has shown that saffron-cumin intercropping 
increased the land equivalent ratio [23]. Researchers con-
sidered the planting ratio of 100% saffron to 100% chick-
pea a suitable alternative to monoculture for enhancing 
environmental resource absorption and rhizosphere soil 
fertility [24]. Compared to saffron monoculture, inter-
cropping saffron with pumpkin or watermelon, during 
the saffron dormancy period (summer season) accel-
erated saffron flowering, improved dried stigma yield, 
growth of daughter corms and increased both land equiv-
alent ratio and economic land equivalent ratio [25]. These 
studies indicated intercropping saffron with other crops 
is more effective economically and environmentally. 
However, little is known about the impact of intercrop-
ping saffron with other crops on rhizosphere soil physi-
cochemical properties, microbial community structure, 
and diversity.

The number of saffron flowers directly impacts on 
yield [6]. Suitable growth conditions are fundamen-
tal to increasing plant yield. Optimal temperature for 
the growth of saffron is like autumn rainfall, moderate 
summers, and mild winters [26]. Saffron has low water 
requirements, thriving in areas with annual rainfall 
below 200  mm [27]. It prefers well-drained sandy loam 
soils with minimal clay content [28]. After flowering in 
November and the initiation of daughter corm forma-
tion, the vegetative phase begins. Later in March, it con-
tinues until late May, when daughter corms’ formation 
will be completed and all above ground parts will dry. 
During this stage, the leaves reach maturity and pro-
vide necessary supplies for corm development through 
photosynthesis. In June, the leaves start to senesce, and 

Conclusion  This study found that saffron-grape intercropping positively affected saffron yield. Based on the existing 
data, intercropping resulted in an increase in microbial communities, including some taxa previously identified as 
beneficial for other plants. These findings establish the foundation for the widespread application of saffron-grape 
intercropping and offer a promising strategy for increasing saffron yield.
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the daughter corms remain dormant until October, pre-
paring for the next growing season [29, 30]. Suitable 
intercropping crops should have similar growth environ-
ment requirements to saffron [31]. It is also essential to 
avoid competition for resources such as nutrition/light, 
ensure mutual benefit and symbiosis, and maximize land 
resource utilization. The growing environment (soil, tem-
perature, humidity) of grapes widely planted in our local 
area is suitable for the growth of saffron. Furthermore, 
similar to other intercropping plants with saffron, such 
as chamomile [32], cumin [23], watermelon and pump-
kin [25], most of these crops are summer crops, and their 
effective growing periods do not conflict with the saffron 
vegetative life cycle [33].

Here, we hypothesized that saffron-grape intercrop-
ping can alleviate soil degradation by improving rhi-
zosphere soil properties and microbial communities, 
promoting nutrient absorption and utilization, increas-
ing the number of saffron flowers. The results indicated 
that saffron-grape intercropping positively affects saffron 
yields, increased rhizosphere soil pH, altered rhizosphere 
microbial communities and the dominant microbial taxa. 
These findings will establish a foundation for the applica-
tion of saffron-grape intercropping strategies to increas-
ing saffron production.

Materials and methods
Site description and experimental design
This experiment was conducted at the Hu Zhou Modern 
Agriculture Demonstration Garden (30°86′N, 120°07′E) 
in Zhejiang Province, China, which has a subtropical 
humid monsoon climate. The grapes were from South 
Lake Taihu Special Early. The saffron was from Jiande 
City Sandu Xinhe Saffron Professional Co-operative 
Society. The experiment was conducted in two plots, one 
for saffron monoculture and the other for saffron-grape 
intercropping. Both plots are the same size (length: 40 m, 
width: 10  m, Fig.  1) and both are covered with plastic 
film. Two plots repeated the same planting pattern for 
over two years. All plots received 80 kg N ha− 1, 120 kg P 
ha− 1, 100 kg K ha− 1 as basal fertilizer, and 80 kg N ha− 1 
as top-dressing at the end of December. In the saffron-
grape intercropping plot, the field site had previously 
been used for grapes for 12 years. The grape rows were 
4  m apart and spaced 1.5  m within the rows. Saffron 
corms (25 ± 2  g) were planted in December 2017. Saf-
fron was grown at a row distance of 20 cm, with a plant 
distance within a row of 10 cm, and a spacing of 50 cm 
between saffron and grape. In the saffron monoculture 
plot: no grapes were planted for two years. Saffron corms 
(25 ± 2  g) were planted in December 2017. Saffron was 
arranged with a spacing of 10 cm between each plant and 
a spacing of 20 cm between each row. (Fig. 1).

Sample collection
Plant samples
During the second year of saffron cultivation, we col-
lected randomly 60 corms from two plots (saffron-grape 
intercropping, saffron monoculture) at the end of the 
flowering period.

Rhizosphere soil samples
During the flowering stages, we collected rhizosphere 
soil from intercropping and monoculture plots at the 
same time as the plants. Three replicates were collected 
for rhizosphere soil of intercropped and monoculture 
plots. Each plot consists of three replicates, each repli-
cate obtained by mixing randomly selected individual 
samples of corm roots, resulting in a total of six samples. 
The roots were carefully uprooted from the soil and 
shaken gently to remove loosely attached soil. A sterile 
brush was used to collect soil from depths of 5–15  cm 
that adhered firmly to the roots, which was considered 
as rhizosphere soil [34]. Rhizosphere soil samples were 
separated into two parts: one part was stored at − 80  °C 
for DNA extraction, and the other was stored at 4  °C 
for analysis of physicochemical properties. Rhizosphere 
soil physicochemical properties were determined by the 
Huzhou Municipal Market Supervision Bureau.

Rhizosphere soil DNA extraction and high throughput 
amplicon sequencing
The microbiota genome DNA from the rhizosphere soil 
samples of saffron monoculture and saffron-grape inter-
cropping was extracted using the FastDNA® Spin Kit (MP 
Biomedicals, California, USA), following the manufac-
turer’s instructions. The extraction quality of DNA was 
determined by 1.0% (w/v) electrophoresis agarose gel. 
DNA concentration and purity were determined with a 
NanoDrop® ND-2000 spectrophotometer (Thermo Sci-
entific Inc., California, USA). The hypervariable region 
V3-V4 of the bacterial 16  S rRNA gene was amplified 
with the primer pairs 338  F (5’-​A​C​T​C​C​T​A​C​G​G​G​A​G​G​
C​A​G​C​A​G-3’) and 806R (5’-GGACTACHVGGGTWTC-
TAAT-3’) [35] by an ABI GeneAmp® 9700 PCR thermo-
cycler (ABI, California, USA). In each 20 μL PCR reaction 
mix, there was 4 μL of 5 × Fast Pfu buffer, 2 μL of 2.5 mM 
dNTPs, 0.8 μL of each primer (5 μM), 0.4 μL of Fast Pfu 
polymerase, 0.2 ul of BSA, 10 ng of template DNA, and 
enough ddH2O to make the final volume. The amplifica-
tion conditions include an initial denaturation at 95  °C 
for 3 min, 27 cycles of annealing at 95  °C for 30s, 55  °C 
for 30s, and 72 °C for 45s, and a final extension at 72 °C 
for 10 min at 10 °C until the reaction stops. The amplified 
fragment length was about 468 bp. The fungal ITS frag-
ment was amplified using primers ITS1F (5 ‘- ​C​T​T​G​G​T​
C​A​T​T​T​A​G​A​G​G​A​A​G​T​A​A − 3’) and ITS2R (5 ‘- ​G​C​T​G​
C​G​T​T​C​T​T​C​A​T​C​G​A​T​G​C − 3’) with barcode [36]. There 
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Fig. 1  Layout diagram of field experiments in cropping patterns. (A). Saffron-grape intercropping. (B). Detail view for saffron-grape intercropping. (C) 
Saffron monoculture. (D). Detail view for saffron monoculture
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were 20 εL of PCR reaction system with 2 μL of 10× Buf-
fer, 2 μL of 2.5 mM dNTPs, 0.8 μL of each primer (5 μM), 
0.2 μL of rTaq polymerase, 0.2 μL of BSA, 10 ng of tem-
plate DNA, and enough ddH2O to make the full volume. 
Except for the increase in the number of cycles to 35, the 
other amplification conditions for fungi were consistent 
with those of bacteria. The length of the amplified frag-
ment was approximately 350 bp. Each sample was ampli-
fied in triplicate. The PCR product was extracted from 
2% agarose gel and purified using the AxyPrep DNA Gel 
Extraction Kit (Axygen Biosciences, Union City, CA, 
USA) according to manufacturer’s instructions. Quan-
tification was done using a Quantus™ Fluorometer (Pro-
mega). The NEXTFLEX Rapid DNA Seq Kit was used 
to create purified PCR product libraries by the follow-
ing steps: (1) linker linkage; (2) screening with magnetic 
beads and removing adapter self-ligated fragments; (3) 
enrichment of library templates via PCR amplification; 
and (4) use magnetic beads to recover PCR products and 
obtain the final library. Sequencing was performed using 
Illumina’s Miseq PE300 platform (Meiji Biomedical Tech-
nology Co., Ltd., Shanghai, China).

Processing of sequencing data
The raw FASTQ files were de-multiplexed using an in-
house Perl script and then quality-filtered by Fastp ver-
sion 0.19.6 [37] and merged by FLASH version 1.2.7 
[38]. Then, the optimized sequences were clustered into 
operational taxonomic units (OTUs) using UPARSE 7.1 
[39, 40] with a 97% sequence similarity. To minimize the 
effect of sequencing depth on α and β diversity measure-
ments, the number of 16  S rRNA gene sequences from 
each sample was set to the minimal number of sequences. 
Bacteria from both intercropping and monoculture 
exhibited coverage of 98.4%. The coverage of fungi 
achieved 99.9%. Coverage refers to the coverage rate of 
each sample library. The higher the value, the higher the 
probability of the sequence being detected in the sample, 
and the lower the probability of not being detected. The 
taxonomy of each OTU representative sequence was ana-
lyzed by RDP Classifier version 2.2 [41] against Silva 16 S 
rRNA gene database (v138) with confidence threshold of 
0.7.

Statistical analysis
IBM SPSS Statistics version 22 verified that the flower 
number of intercropping and monoculture did not follow 
a normal distribution. Therefore, flower numbers were 
compared with the Wilcoxon rank-sum test.

All microorganism analysis was performed on the Meiji 
Biological Cloud platform ​(​​​h​t​​t​p​s​​:​/​/​c​​l​o​​u​d​.​m​a​j​o​r​b​i​o​.​c​o​m​
/​p​a​g​e​/​t​o​o​l​s​/​​​​​)​. Mothur v1.30.1 [42] calculated α diver-
sity, including the Sob index, ACE index, and Shannon 
index, based on the OTU information. The α diversity 

was assessed using Student’s t-test and False Discovery 
Rate (FDR) corrections for multiple tests. The similarity 
among the microbial communities in different samples 
was determined by principal coordinate analysis (PCoA) 
based on Bray-Curtis dissimilarity using the R Vegan 
package(version 3.3.1) [43]. The species abundance differ-
ences of intercropping and monoculture were assessed by 
the t-test (Student’s t test / Welch’s t test) and Wilcoxon 
rank-sum test. Correlation analysis networks were also 
constructed on the Meiji Biological Cloud platform based 
on the Python Networkx package (version v1.11). The 
Spearman’s correlation coefficient was > 0.70 and P < 0.05 
[44]. The P values were adjusted using Benjamini–Hoch-
berg procedure to minimize false-positive signals [45]. 

FAPROTAX and FUNGUILD were used to predict 
bacterial and fungal functions, respectively [46]. FAPRO-
TAX was a manually constructed database that maps 
prokaryotic taxa (e.g., genera or species) to metabolic or 
other ecologically relevant functions (e.g., nitrification, 
denitrification, or fermentation) based on the literature 
of cultured representatives [47, 48]. In order to analyze 
in more detail the biogeochemical cycling function of saf-
fron root bacteria, the rarefied data were analyzed at the 
OTU level using the FAPROTAX database version 1.14. 
Functional Guild (FUN Guild) classified fungal commu-
nities through a microecological guide, which was linked 
with functional guide classification to classify fungi func-
tionally [49, 50]. FUN Guild was used to determine and 
speculate on the differential functional gene composition 
between fungal samples, in order to analyze the func-
tional differences between two planting modes.

Results
Flower number of saffron under different cultivation 
patterns
Our study found that saffron could bloom normally in 
November under intercropping (Fig. 2A). During matura-
tion, the intercropped saffron exhibited enhanced devel-
opment, as shown by its robust leaf growth and greater 
number of flowers (Fig.  2B). The root system of saffron 
corms had a high level of development and was intricately 
connected to the root system of grapes, as indicated 
by the white ellipse label (Fig.  2C). This interconnected 
root system likely contributed to the improved growth 
and flower production observed in intercropped saffron. 
Specifically, intercropped saffron corms produced up to 
9 blooms, with 6 blooms emerging from a single termi-
nal bud (Fig. 2D). Additionally, there was an increase in 
flower numbers from the lateral buds (Fig. 2E). The num-
ber of monoculture flowers was usually 2–3 (Fig. S1). 
The second harvest season of saffron was recorded, with 
the number of flowers detailed in Table S1. Overall, the 
intercropping system significantly increased the aver-
age flower number from 2.83 in monoculture to 4.08 in 
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intercropping conditions (P < 0.01) (Fig.  1F, Table S1). 
Moreover, the percentage of multi-flowered corms with 
four or more blooms increased from 29.2 to 57.7% (Table 
S1), highlighting the yield-boosting advantage of the 
intercropping approach.

In summary, intercropped saffron showed improved 
growth and productivity, evidenced by robust leaf 
growth, a higher number of flowers, and well-developed 
root systems. This enhanced development under inter-
cropping conditions highlights the benefits of intercrop-
ping for increasing saffron yield.

Rhizosphere soil physicochemical properties
Additionally, we tested the physicochemical characteris-
tics of the rhizosphere soil in both cultivation modes. pH 
was significantly higher in intercropping, but other physi-
cochemical indexes did not differ significantly (Table S2). 
Total nitrogen (TN), available phosphorus (AP), available 
potassium (AK), and exchangeable Ca (ECa) contents 
exhibited a decrease in saffron monoculture compared 
to saffron-grape intercropping. In saffron grape inter-
cropping, the concentrations of organic matter (OM), 
exchangeable magnesium (EMg), available copper (ACu), 

available zinc (AZn), and available iron (AFe) were higher 
than in saffron monoculture.

Diversity of the rhizosphere soil microbial community
The two cropping patterns had a total of 7042 OTUs. 
The number of OTUs for intercropping and monocul-
ture was 3381 and 3661, respectively (Fig. 3). The analysis 
of α diversity, including observed species (Sobs) index, 
Shannon index, and Ace index in environmental micro-
organisms, reflects the microbial community richness 
and diversity. Sobs index shows significant increase in 
bacterial (Fig. 4A, P < 0.05) and fungal diversity (Fig. 4A, 
P < 0.05) at the OTU level between the two planting 
modes. Although ACE index of bacteria and fungi in 
intercropping was greater than those in the monoculture, 
the ACE index did not show significant differences. Both 
the Sobs index and the ACE index indicate species rich-
ness. The Sobs index is based only on the number of spe-
cies observed, which is insensitive to rare and undetected 
species in the sample. The ACE index provides a more 
accurate prediction of the total number of species in the 
community by estimating the richness of unobserved 
species. Shannon index were greater in intercropping 

Fig. 2  Characteristics and quantity of saffron blossoms in intercropping. (A) Normal flowering in November. (B) Flowering growth status. (C) Root growth 
status. (D) Maximum quantity of flowers. (E) Lateral buds flower formation (Red Rectangle Marker). (F) Quantity of flowers in saffron-grape intercropping 
and saffron monoculture
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than monoculture, indicating that the diversity of bac-
teria and fungi in intercropping were greater than those 
in the monoculture (Fig.  4). PCoA analysis shows dif-
ferences in the composition of microbial communities 
between groups. Although there was no significant dif-
ference in the composition of bacterial and fungal com-
munities within the intercropping and monoculture, the 
distance between scatter points is relatively far, indicat-
ing low inter-community similarity (Figs.  4D and 5D). 
The relatively far distances between scatters of the intra-
groups indicated low community similarity. The above 
results indicated that there was no significant diversity 
difference, but intercropping significantly increased the 
observed richness of bacteria and fungi compared to 
monoculture.

Rhizosphere soil bacterial and fungal community 
composition
Based on the results of the species annotation, the rela-
tive abundance of bacteria on the phyla and genera taxo-
nomic levels were shown in Fig. 6.

For bacteria, the OTUs in saffron monoculture were 
3031, while in saffron-grape intercropping, they were 
3251. The two cropping patterns had a total of 2667 iden-
tical OTUs. The number of unique OTUs for intercrop-
ping and monoculture was 364 (10.7%) and 584 (16.15%) 
(Fig. 2A). At the phylum level, a total of 9 bacterial phyla 
were detected in the rhizosphere soils of intercropping 
and monoculture (Fig. 6A, Table S3). Other populations 
with relative abundance < 1% are classified as Others. 
Proteobacteria was the dominant phylum in intercrop-
ping and monoculture. Actinobacteriota, Gemmati-
monadota, and Patescibacteria in intercropping were 
significantly higher than in monoculture (P < 0.05). The 
intercropping increased the relative abundance of Pro-
teobacteria, Firmicutes, Chloroflexi, and Acidobacteriota 

Fig. 4  Diversity of the rhizosphere soil bacterial community between saffron grape intercropping and saffron monoculture. (A) Sobs index. (B) Shannon 
index. (C) Ace index. (D) PCoA analysis

 

Fig. 3  (A) OTUs of rhizosphere soil bacteria. (B) OTUs of rhizosphere soil fungi in saffron monoculture and saffron grape intercropping
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by 1.22%, 0.85%, 2.12% and 0.98%, respectively, com-
pared with the monoculture (P > 0.05). The intercropping 
resulted in a 12.24% and 0.4% drop in the relative abun-
dance of Bacteroidota and Deinococcota compared to 
the monoculture. At the genus level, we discovered that 
Bacillus was the most abundant bacteria in the intercrop-
ping and monoculture. The relative abundance increased 
by 3.65% in intercropping over monoculture (Fig.  6B, 
Table S4). Sphingomonas, Streptomyces, and Crossiella, 
were significantly higher in intercropping than in mono-
culture (p < 0.05), whereas Fictibacillus, Microbacterium 
Fluviicola and Glutamicibacter were substantially lower 
(p < 0.05). Other genera such as Flavobacterium, Lysobac-
terium, Sphingobacterium, Stenotrophomonas, Halomo-
nas, Truepera, and Pseudolabrys showed no significant 
differences.

For fungi, there were 350 OTUs in saffron monoculture 
and 410 in saffron-grape intercropping. Among the over-
all number of OTUs, it is seen that 259 OTUs are shared 
by both intercropping and monoculture. Additionally, 
91 OTUs were specific to monoculture, while 151 OTUs 
were unique to intercropping (Fig. 2B). For fungi, the saf-
fron grape intercropping and saffron monoculture con-
sisted of 4 phylum level species. Other populations with 
relative abundance < 1% are classified as Others. Asco-
mycota was the main dominant phylum. The relative 
abundance of Ascomycota in the intercropping increased 
by 20.6% compared to the monoculture (Fig.  6C, Table 
S5); however, the relative abundance of Mortierellomy-
cota in the intercropping declined by 16.3% compared 
to the monoculture (P > 0.05). The relative abundance of 
Basidiomycota was significantly reduced (P < 0.05) in the 
intercropping compared to the monoculture. The relative 
abundance of unclassified-k Fungi did not change sig-
nificantly. Significant differences were observed between 
intercropping and monoculture at the fungi genus level 
(Fig.  6D, Table S6). Particularly, Acremonium (P < 0.05), 
Penicillium (P < 0.05), llyonectria (P < 0.01), Cadophora 

(P < 0.05) Plectosphaerella and Tetracladium (P < 0.01) 
were significantly increased in intercropping compared 
to monoculture, while Fusarium (P < 0.05) and Arthrog-
raphis were significantly decreased (P < 0.01). In addition, 
compared to monoculture, the relative abundance of 
Mortierella, Cornuvesica, Hypomyces, Cladosporium and 
Aspergillus were not shown significant differences with 
other genera.

Functional prediction of rhizosphere soil bacterial and 
fungal community
FAPROTAX was used to predict bacterial functions. The 
statistical analysis of the intercropping and monoculture 
groups revealed significant differences (P < 0.01) in dark 
hydrogen oxidation, denitrification, nitrate denitrifica-
tion, nitrous oxide denitrification, nitrite denitrification, 
and manganese oxidation between the two cropping 
patterns (Fig.  7). Additionally, there were significant 
differences (P < 0.05) in arsenate respiration, dissimila-
tory arsenate reduction, dark oxidation of sulfur com-
pounds, and iron respiration between the two groups. 
Among them, intercropping exhibited a higher relative 
abundance, except for the dark oxidation of sulfur com-
pounds, compared to monoculture. The result suggested 
that intercropping has significantly higher potential for 
denitrification, nitrate denitrification, nitrous oxide deni-
trification, nitrite denitrification, manganese oxidation, 
arsenate respiration, dissimilatory arsenate reduction, 
and iron respiration.

FUNGUILD database annotation results about fungi 
(Fig.  8) showed that the relative abundance of endo-
phytes increased from 0.08% in the monoculture to 2.9%. 
Plant pathogens decreased from 6.13% in monoculture 
to 2.46% in intercropping. This suggested that poten-
tial pathogens were reduced in the intercropping treat-
ment, although there was insufficient data to determine 
whether it enhanced plant disease resistance.

Fig. 5  Diversity of the rhizosphere soil fungal community between saffron grape intercropping and saffron monoculture. (A) Sobs index. (B) Shannon 
index. (C) Ace index. (D) PCoA analysis
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Spearman’s correlation of rhizosphere soil microorganism 
with pH
Intercropping significantly increased the number of saf-
fron flowers and rhizosphere soil pH. To investigate the 
correlation between rhizosphere soil microbial commu-
nity composition and pH, Spearman’s correlation analysis 
revealed that pH was significantly and positively corre-
lated with Bacillus, Sphingomonas, Sphingobacterium, 
Halomonas, Pseudolabrys and Dongia, among the top 50 
bacteria in terms of relative abundance (Fig.  9A). Addi-
tionally, Pedobacter, Achromobacter, Tumebacillus and 
Sphingopyxis were significantly and positively correlated 

with pH (Table S7). All correlation coefficients were 
greater than 0.83. Among the top 50 fungi in terms of rel-
ative abundance, all 15 species showed a significant nega-
tive correlation with pH (Fig. 9B, Table S8). Among them, 
Fusarium and Thanatephorus had the largest correlation 
coefficients. These findings suggested that the aforemen-
tioned microorganisms may play a role in regulating rhi-
zosphere soil pH.

Fig. 6  Relative abundance of the dominant microbiota of saffron-grape intercropping and saffron monoculture. (A) Relative abundance of bacteria at 
phylum level. (B) Relative abundance of bacteria at genus level. (C) Relative abundance of fungi at phylum level. (D) Relative abundance of fungi at genus 
level
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Discussion
Intercropping typically offers low inputs, efficient use of 
land, and high yields, which boosts the economy and sup-
ports the long-term development of agriculture [51]. The 
sum of production and expenditure reflects economic 
benefits. In this study, only the cost and yield of saffron 
corms were considered, the input-output ratio of saf-
fron decreased from 1:2.83 for monoculture to 1:4.08 for 
intercropping. The other costs of monoculture were obvi-
ously higher than those for intercropping. To ensure the 
rigor of the experiment, we will add a control group for 
grape monoculture and analyze the impact of intercrop-
ping on grape yield and economic benefits in the future. 
Furthermore, this experiment was conducted for only 2 
consecutive years, it will need to be followed by longer-
term study with more biomass or yield-related metrics.

Intercropping can alter soil temperature, moisture, 
and lighting conditions due to crop interactions, thereby 
affecting soil characteristics [52]. The pH of monoculture 
significantly increased from 5.84 to 6.43 in intercrop-
ping. A previous study suggested that the good soil pH 
ranges of saffron are from neutral to slightly alkaline [53]. 
Generally, low soil pH (4.0-5.8) may promote Cu toxic-
ity in vineyards containing acidic progenitor materials 
[54]. The optimal pH level for facilitating the absorption 
of grape nutrients is moderately alkaline [55]. Among the 
top 50 rhizosphere soil microorganisms in terms of rela-
tive abundance, Spearman’s correlation analysis showed 
that pH was significantly correlated with several bacterial 
genera, including Bacillus, Sphingomonas, Sphingobac-
terium, Halomonas, Pseudolabrys, Dongia, Pedobacter, 
Achromobacter, Tumebacillus and Sphingopyxis. All 15 

Fig. 8  Function prediction of fungi in intercropping and monoculture

 

Fig. 7  Function prediction of bacteria in intercropping and monoculture
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species showed a significant negative correlation with pH 
for fungi. Further validation is needed to determine the 
role of these microorganisms in pH regulation.

Previous research demonstrated that intercrop-
ping promotes microbial diversity by facilitating the 

enrichment of beneficial microorganisms [56]. The 
microbial community composition of mulberry and 
lucerne soils was altered through intercropping, which 
also facilitated the growth of beneficial bacteria that par-
ticipate in nutrient cycling in the soil, such as Bacillus, 

Fig. 9  Spearman’s correlation of rhizosphere soil microorganisms (top 50 in relative abundance) with pH. (A) Spearman’s correlation of bacterial micro-
organisms with pH. (B) Spearman’s correlation of fungal microorganisms with pH
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Pseudomonas, Sphingomonas, and Microbacterium [57]. 
Intercropping sugarcane with peanuts can improve soil 
conditions, the amount and diversity of bacteria, and 
sugarcane growth [58]. This study revealed that the rhi-
zobacterial community’s diversity was relatively lower in 
the saffron monoculture compared to the saffron - grape 
intercropping. Compared to monoculture, intercrop-
ping resulted in a significant decrease in Fictibacillus 
and Microbacterium (P < 0.05) and a significant increase 
in Sphingomonas and Streptomyces (P < 0.01). In addition 
to promoting plant growth, Sphingomonas [59, 60] allevi-
ated salinity stress. Fictibacillus sp. YS-26 was inoculated 
into the banana plantlets and exhibited strong carbon 
utilization due to the input of glucose [61]. Grapes can 
be used as a carbon source to supply energy [62]. There-
fore, we speculated that saffron grape intercropping pref-
erentially obtains energy to sustain metabolism through 
grapes falling on the ground rather than Fictibacillus. 
Microbacterium strains have the capability to create sid-
erophores, ACC deaminase, and auxins (IAA), as well as 
the ability to solubilize phosphate [63].

There was a significant drop in Fusarium and Arthrog-
raphis (P < 0.05) and a significant rise in Acremonium, 
Penicillium, Cadophora (P < 0.05), and llyonectria 
(P < 0.01). Intercropping resulted in a drop in Fusarium 
and Arthrographis (P < 0.05), a significant increase in 
Acremonium, Penicillium, Cadophora (P < 0.05), and llyo-
nectria (P < 0.01). At the fungi genus level, compared to 
monoculture, Fusarium was the main pathogenic agent 
for saffron corm rot, frequently resulting in significant 
reductions in crop loss and yield [64, 65]. Acremonium 
was the primary strain utilized in the industrial manu-
facturing of cephalosporin [66]. And Penicillin was a 
β-lactam antibiotic [67]. Cadophora- luteoolivacea 
caused the Petri trunk disease of grapevine [68]. Llyonec-
tria robusta has been reported to cause root rot in plants 
such as Codonopsis tangshen and Panax ginsen [69]. In 
general, intercropping resulted in an increase in the pro-
portion of Cadophora (2.88%) and Ilyonectria (5.58%). 
Mowever, it also led to a decrease in the proportion of 
Fusarium, the primary pathogen responsible for corm 
rot in saffron, from 34.87 to 5.11%. Additionally, inter-
cropping resulted in an increase in the abundance of the 
broad-spectrum antagonists Acremonium (15.31%) and 
Penicillium (5.12%). Further experiments are needed to 
determine the true impact of microorganisms with sig-
nificant changes on saffron.

Conclusion
Based on the results of our field experiment, we found 
that intercropping can increase the number of saffron 
flowers. Through analyzing the rhizosphere soil prop-
erties, microbial community composition, and func-
tional prediction under the two cropping patterns, we 

hypothesized that intercropping can supply sufficient 
nutrients for saffron growth by increasing soil pH, pro-
moting C and N cycling, and increasing Fe content. The 
enrichment of dominant strains, like Bacillus, Sphin-
gomonas, Acremonium and Penicillium, along with the 
reduction of Fusarium, provided a favorable microbial 
community environment for preventing and controlling 
crocus corm rot. In conclusion, saffron grape intercrop-
ping adjusted rhizosphere soil physicochemical proper-
ties and positively impacted the microbial community, 
which provided the basis for plant healthy growth and 
increased flower number.
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