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Amplicon-based metagenomics
to study the effect of coir age
and wood biochar on
microbiome in relation to
strawberry yield
Xiangming Xu*, Greg Deakin, Jingchen Zhao †, Tom Passey
and Matevz Papp-Rupar

NIAB East Malling, West Malling, United Kingdom
In the UK, strawberry is mostly grown in coconut coir substrate under protection.

Coir substrate is usually used only for one or two cropping seasons because the

continuous reuse of coir without any treatment leads to yield decline. In this study,

we investigated the changes in bacterial and fungal communities in strawberry roots

and bulk coir in relation to (i) the coir substrate age (cropping seasons) and (ii) oak or

beech biochar amendment at planting. Coir age did not affect fungal/bacterial alpha

(within-sample) diversity but affected beta (between-sample) diversity. Amendment

with either oak or beech biochar did not lead to significant changes in either alpha or

beta diversity for both fungi and bacteria, but it did alter the relative abundance of 13

fungal ASVs. This study identified six bacterial and 20 fungal ASVs with a significant

positive linear relationship with coir age and also eight bacterial and 22 fungal ASVs

with a significant negative linear relationship with coir age. Notably, the observed

strawberry yield decline in reused coir substrate could be associatedwith a generalist

root pathogen, Ilyonectria destructans (ex. Cylindrocarpon destructans), of which

the abundance increased annually by 225% and 426% in strawberry root and bulk

coir, respectively. Future research is needed to confirm the role of I. destructans in

reused coir on strawberry plant health and fruit productivity and then to identify

management strategies for yield decline mitigation.
KEYWORDS

coir reuse, strawberry yield decline, Ilyonectria destructans, Cylindrocarpon
destructans, biochar amendment
1 Introduction

Strawberry is a beloved fruit known for its sweet and distinctive scent and is a high-

value crop that supports both agriculture and local economies (Ulrich et al., 2018; Liu et al.,

2023). Strawberries are a major fruit crop in more than 50 countries over five continents. In

2022, a total of 9.5 M t of strawberries was harvested from 0.4 M ha worldwide (FAOSTAT,
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https://www.fao.org/). Strawberry production in the UK in the past

20 years has shifted from open field toward substrate-based systems.

These systems use substrates such as coconut coir, peat, and other

materials to grow strawberries in protected (mostly polytunnel)

environments (Philip, 2013; Robinson-Boyer et al., 2016;

Fennimore et al., 2024). Coir, a waste fiber from coconut

production, has been the most popular substrate for growing

strawberries in soilless tabletop production in the UK for over a

decade. Compared to peat, coir provides a more stable growing

medium, with a higher level of production consistency—for

example, coir has a lower acidity level, higher levels of calcium,

and can be re-used for up to four seasons (Vidhana Arachchi and

Somasiri, 1997; Abad et al., 2002; Hernández-Apaolaza et al., 2005).

It is also a more sustainable option than peat-based media

(Alexander et al., 2008).

Growing strawberries in coir bags allows for better management

of soil-borne pests through the use of pesticides or natural parasites

and limits the spread of soilborne pathogens to within the same bag,

trough, or pot. Coir-grown table-top strawberries have improved

fruit quality through intensive fertigation and crop protection,

allowing out-of-season production, a much higher yield, and

potentially better financial returns. Coir media is currently used

mainly for one or a maximum of two growing seasons, and there is a

growing environmental and economic need to extend the coir

substrate lifetime. However, empirical evidence in the UK

industry suggested significant reductions in yield associated with

reusing coir substrate.

Biochar is a finely grained product similar to charcoal that can

be produced from a variety of biomass feedstocks, including

agricultural and industrial green wastes, and urban sludge

(Lehmann and Rondón, 2006; Norah et al., 2015; Sheng et al.,

2016). The application of biochar has been found to improve soil

fertility (Nelson et al., 2011; Prendergast-Miller et al., 2014),

increase soil microbial diversity (Rutigliano et al., 2014), and

increase crop growth (Reynolds et al., 2003; Marris, 2006). When

added to peat growing media in strawberry production, biochar has

been reported to enhance root formation, increase fruit production,

and improve the post-harvest resistance of fruit to gray mold

(Botrytis cinerea) (De Tender et al., 2016). Two different biochars

added to the potting medium of strawberry plants reduced the

severity of gray mold, anthracnose (Colletrotrichum acutatum), and

powdery mildew (Podosphaeria apahanis) (Meller Harel et al.,

2012). However, the addition of biochar to soil-grown strawberry

did not lead to a yield benefit in a UK study (Jay et al., 2015).

Recently, we reported a significant yield decline in strawberry

equivalent to approximately 5% reduction for every year of coir use

(Shuttleworth et al., 2021). Moreover, amending used coir with

either oak or beech biochar did not have any discernible effects on

fruit production. Yield reduction associated with continuous

cropping is commonly observed in many crops (Mazzola and

Manici, 2012; Xu et al., 2015; Wang et al., 2020). Among the

important causes of yield decline in continuous cropping are the

changes in the microbiome in growing media—for instance, apple

replant disease is often associated with an increased inoculum of

several plant pathogens and/or decreased number of beneficial

microbes in soil (Mazzola and Manici, 2012; Cook et al., 2023).
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In addition to crop rotation, amending growing media with specific

beneficial microbes or bioproducts directly is a strategy to alleviate

yield decline.

To investigate the microbial causes of yield decline in reused

coir, we sampled strawberry roots and bulk coir from the

experiment where strawberry yield decline in reused coir was

reported (Shuttleworth et al., 2021). We aimed to (i) determine

changes in the overall root and coir microbiome as well as the

specific taxa groups in relation to coir age (growing seasons) and in

root samples and biochar amendment and (ii) identify specific

microbial taxa associated with yield decline.
2 Materials and methods

2.1 Experimental design and plantation

The experimental design and strawberry fruit yield data were

previously described by Shuttleworth et al. (2021). In short, the

experiment was conducted in 2020 to 2021 using a fully randomized

block design with two factors (12 treatments in total): reused coir

age and biochar amendment. Reused coir age had four levels:

(1) unused/virgin coir, (2) reused 1-year-old coir, (3) reused 2-

year-old coir, and (4) reused 3-year-old coir. The biochar

amendment factor had three levels, namely: (1) unamended

control, (2) oak biochar (produced by ILVO, Belgium), and (3)

beech biochar (produced by ECN-TNO, Netherlands). The key

properties of the two biochar products used in the present study—

oak (Amery et al., 2021) and beech (Vandecasteele et al., 2023)—are

given in Supplementary Table S1 based on published studies.

In 2018, virgin and 1-year-old coir (obtained from a local

commercial farm) were used to grow the June-bearer strawberry

cv. ‘Malling Centenary’. Three biochar amendments were applied to

both coir ages. In 2019, the coir used in 2018 was reused, becoming

1- and 2-year-old coir. A new batch of virgin coir was added as a

control, and coir of all ages was amended with biochar. Similarly,

the coir bags used in 2019 were reused in 2020 (becoming 1-, 2-, and

3-year-old coir) alongside additional virgin coir bags and all coir

amended with biochar; this led to four coir ages. At the end of the

2018 and 2019 seasons, all the plants were removed from all the coir

bags, and new plants were planted in the following season. In 2020,

the randomized block design experiment had the four blocks with

12 plots, each randomly assigned to one of the 12 treatments. In

each plot, there were four coir bags, each with six plants of

everbearer cv. “prize” per bag, giving a total of 96 plants

per treatment.

Before amendment, both biochar types were rehydrated in

plastic containers using water to a biochar weight ratio of 1:2. An

amendment of 50 mL of wet biochar was applied directly to each

planting hole at planting time. Vegetative feed (YaraTera Kristalon

Blue LB, Yara UK; 19% N, 6% P, 20% K, 3% Mg, 7.5% S, 0.025% B,

0.01% Cu, 0.07% Fe, 0.04% Mn, 0.004% Mo, and 0.025% Zn) or

fruiting feed (YaraTera Kristalon Red LB, Yara UK; 12% N, 12% P,

36% K, 1% Mg, 2.5% S, 0.025% B, 0.01% Cu, 0.07% Fe, 0.04% Mn,

0.004% Mo, and 0.025% Zn) nutrient feeds were applied at 1%

solution through irrigation lines (fertigation) at four drippers (2 L/
frontiersin.org
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H) per bag. Fertigation volume and concentration were adjusted

according to plant development, with the conductivity (EC) kept

between 1.6 and 2 mS/cm at pH 6. The fertigation frequency varied

with plant growth stage, the weather forecast, and the substrate

moisture which was determined weekly using a WET-2 Sensor

(Delta-T Devices Ltd., UK).
2.2 Sampling roots and coir

The plants from 2020 were maintained for fruit production in

2021 as COVID-19 made it difficult to replant the trial with an

additional virgin coir treatment. Furthermore, because of COVID-

19 restrictions, we could not harvest ripe fruit twice or three times a

week; we instead harvested all fruits at a monthly interval. Thus,

fruit yield was represented by the total number of fruits per plant

instead of class I marketable yield (Shuttleworth et al., 2021).

Both roots and coir were sampled at the end of the experiment

in October 2021. Roots were collected from every plot. Two or three

small pinches of fine roots were collected from six plants per plot

(grown in one bag) and pooled into a single sample. The roots were

gently washed in sterile water to remove coir and biochar and dried

with a paper towel. The resulting root microbiome is a sum of

rhizoplane and root endophytic microbiomes.

Bulk coir fibers were sampled from all biochar unamended plots

only (all coir ages). Each sample consisted of a pool of coir fibers at four

bags per plot. All samples were stored at -20°C until DNA extraction.
2.3 DNA extraction and sequencing

The root samples were freeze-dried, and dry weight (around

0.03 g) was recorded before homogenization with a Geno/Grinder

2010 (SPEX CertiPrep) for 4 min at 1,500 rpm using 50-mL tubes

and 14 5-mm steel ball bearings. Phosphate-buffered saline (PBS)

was prepared to 0.1 M, filter-sterilized through a 200-µM pore,

added to the homogenized samples at 1:5 dry weight (mg) to

volume (µL) ratio, and mixed by vortexing. DNA was extracted

from 120 mL of PBS resuspended homogenate with the DNeasy

Plant Mini Kit (Qiagen, Hilden, Germany) according to the

manufacturer’s protocol, including an optional Rnase A digestion

step after lysis.

For coir extracts, the exact weights of freeze-dried coir samples

(around 0.25 g) were recorded. Samples were then extracted by

using DNeasy PowerSoil Kit (Qiagen) according to the

manufacturer’s protocols with the following adjustment: at lysis

stage, the samples were put in Geno/Grinder 2010 (SPEX

CertiPrep) for 2 min at 1,750 rpm.

All samples were eluted in 100 µL, with the eluate passed through

the column twice, and the yields were analyzed using a Nanodrop

spectrophotometer (Thermo Scientific, Waltham, MA, USA) and a

Qubit fluorometer (Invitrogen, Waltham, MA, USA). Some samples

were also tested for amplification using endpoint PCR using ITS1/4

(White et al., 1990) and 16S 357-1492 (Muyzer et al., 1993) primers,

and the products were run on 1.5% agarose gel with GelRed at 100 V

for 1 h and visualized using a GelDoc imager (Bio-Rad, Hercules, CA,
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USA). The DNA samples were shipped to Novogene UK (Cambridge,

UK) for PCR, library prep, and amplicon sequencing. The target

primers were ITS1-1F [ITS1-1F-F: 5 ’-CTTGGTCATT

TAGAGGAAGTAA-3’ (Gardes and Bruns, 1993)], ITS2 [5’-

GCTGCGTTCTTCATCGATGC-’3 (White et al., 1990)], and 16S

V5-V7 [799F: 5’-AACMGGATTAGATACCCKG-3’ (Chelius and

Triplett, 2001) and 1193R: 5’-ACGTCATCCCCACCTTCC-3’

(Bodenhausen et al., 2013)]. The samples were sequenced on an

Illumina NovaSeq platform in the 250-nt paired-end mode.
2.4 Sequencing processing and
taxonomy assignment

Amplicon sequence variants (ASVs) were generated from a

combined set of root and coir sample data but analyzed separately

using a previously published pipeline (Papp-Rupar et al., 2022).

Raw sequence reads with incorrect bases in the barcode or primer

regions (whether forward or reverse) or which contain adapter

contamination were discarded. The retained reads were then

merged using the UPARSE pipeline V. 11.0 (Edgar, 2013) twice:

(1) to produce reads for ASV generation using stringent criteria and

(2) to produce reads for subsequent frequency table generation

using much more permissive criteria. For ASV generation, the

following settings were used: (1) a minimum read length of 250

bases, (2) zero different bases in the merged region, and (3) a

minimum merged length of 400 (16S) or 185 (ITS) bases. These

merged sequences were further filtered for quality with a maximum

expected error (MEE) threshold of 0.2 (16S) and 0.1 (ITS) per

sequence (Edgar and Flyvbjerg, 2015). The reads were then

dereplicated, and sequences with less than eight replicates were

discarded before the generation of denoised ASVs (UPARSE also

removes suspected chimeral sequences). For frequency table

generation, reads were merged using a “maximum number of

different bases” set to an arbitrarily high number (100) to ensure

that all reads were effectively merged. These unfiltered merged reads

were aligned to the ASV representative sequences at the level of 97%

similarity to produce an ASV frequency table. Finally, the SINTAX

algor i thm (ht tps : / /www.dr ive5 . com/usearch/manua l /

sintax_algo.html) was used to assign taxonomic ranks to each

ASV with the Unite V8.3 (2021-05-10) fungal database (Köljalg

et al., 2013) and “the RDP training set V18” database for the 16S

rRNA gene (Cole et al., 2014). The SINTAX algorithm only resolves

bacterial ASVs to the genus level but may resolve fungal ASVs to the

species level. Taxonomy assignment confidence was set at the

50% level.
2.5 Statistical analysis of amplicon data

Only the most abundant ASVs that accounted for 99.9% of the

total sequence reads were retained for statistical analysis. The ASV

count data were normalized for library size by the median-of-ratios

(MR) method implemented in DESeq2 (Love et al., 2014) before

statistical analysis. Data from the two sample types (roots and coir)

were analyzed separately. In all analyses, there were two factors: coir
frontiersin.org
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age and biochar amendment. All statistical analyses were carried out

with R 4.1.3 (Team, 2019).

The rank of alpha diversity (Shannon and Simpson) indices,

calculated with the R vegan 2.3–1 package (Dixon, 2003), was

subjected to an analysis of variance (ANOVA) to assess the effects

of treatment factors via a permutation test. The beta (Bray–Curtis)

diversity indices were subjected to permutational multivariate

ANOVA (PERMANOVA) to assess the effects of treatment factors

(implemented as the Adonis function in the vegan package). ANOVA

was applied to assess the treatment effects on the first four principal

components (PCs) of both the bacterial and fungal microbiomes.

Although the within-sample (alpha) and between-sample (beta)

diversity indices were analyzed, the present study focused on the

differential abundance among coir of different ages and biochar

amendments to identify microbes whose relative abundance was

significantly influenced by coir age and biochar amendment.

DESeq2 analyses were applied to assess the changes in the relative

abundance of individual ASVs between specific biochar

amendments: (1) oak biochar amendment vs. control, (2) beech

biochar amendment vs. control, and (3) beech vs. oak biochar

amendment. DESeq2 uses Wald test to assess for operational

taxonomic units with a significant differential abundance (Anders

and Huber, 2010; Love et al., 2014). To investigate the relative

abundance of individual ASVs in relation to reused coir age, two

analyses were used: (1) coir age as a factor with three degrees of

freedom and (2) coir age as a continuous variable (hence, only the

linear relationship with one degree of freedom was assessed). In all

differential abundance (DESeq2) analyses, the full root sample

model included the factorial design of biochar amendment and

coir age as well as the block factor. For the coir samples, there was

only a single treatment factor (coir age). Only ASVs with mean

normalized counts above 100 were used in the differential

abundance analysis with DESeq2.

Spearman and Pearson correlation coefficients were calculated for

fruit yield in each plot with relative ASV abundance and all PC scores

(based on ASV relative abundance). In addition, regression analysis

was used to assess the effect of individual ASVs on yield using models

where the block and biochar amendment were included. Only ASVs

with average normalized counts greater than 100 were included in the

correlation and regression analysis—normalized counts were log-

transformed first before correlation and regression.
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In all analyses with individual ASV abundance (DESeq2,

correlation, and regression), the probability values were adjusted

for multiple testing using the Benjamini–Hochberg (BH) method

(Benjamin and Aikman, 1995).
3 Results

3.1 Root microbiome

3.1.1 General sequencing quality and taxonomy
All 48 strawberry root samples produced enough high-quality

DNA for sequencing and achieved sufficient sequencing depth

(Supplementary Figure S1). Table 1 gives the summary of

sequencing reads per sample or per ASV. In total, there were

2,740 bacterial ASVs and 1,168 fungal ASVs used in the statistical

analysis of the root microbiome.

There were 99.8%, 97.0%, 87.1%, 82.3%, and 73.9% of mapped

bacterial reads that could be assigned to the rank of phylum, class,

order, family, and genus, respectively, at the 50% confidence level.

The two most common bacterial phyla were Actinobacteria and

Proteobacteria, irrespective of treatments (Supplementary Figure

S2A), accounting for approximately 50.5% and 39.4% of total

mapped reads, respectively. Only 0.2% of reads failed to be

assigned to a phylum with confidence. The top three bacterial

ASVs in the root microbiome were from the Streptomyces genus,

accounting for 26.1% of the total mapped reads.

There were 91.8%, 50.8%, 33.3%, 25.9%, 19.3%, and 14.6% of

mapped fungal reads that could be assigned to the rank of phylum,

class, order, family, genus, and species, respectively. Ascomycota and

Basidiomycota accounted for 47.5% and 43.4% of total mapped reads,

respectively (Supplementary Figure S2B). The top three most abundant

fungal ASVs in the root microbiome could only be assigned to the

phylum rank: one from Basidiomycota (13.2% mapped reads) and the

other two from Ascomycota (8.7% and 5.5% mapped reads).

3.1.2 Within-sample (alpha) and between-sample
(beta) diversity

Within-sample diversity indices varied greatly in root samples

for both bacteria and fungi (Figure 1). However, neither biochar

amendment nor coir age significantly affected the alpha diversity
TABLE 1 Summary of sequencing reads per sample or ASV and total bacterial (16S) and fungal (ITS) ASVs found in strawberry root and coir samples.

Roots Coir

16S ITS 16S ITS

Median reads/sample 44,164 92,478 64,197 98,003

Min reads/sample 23,312 76,918 48,755 74,707

Max reads/sample 69,621 113,535 69,110 110,141

Median reads/ASV 100 145 107 73

Min reads/ASV 13 24 10 9

Max reads/ASV 212,308 500,893 34,780 61,066

Total ASVs 2,740 1,168 2,856 1,065
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indices in roots. Overall, alpha diversity was higher for bacteria than

fungi (Figure 1).

The first principal components explained 16.4%, 5.9%, 5.3%, and

4.6% of the total variability in bacterial ASVs in roots, whereas the

corresponding values for fungi were 10.7%, 9.3%, 7.0%, and 6.1%. The

first four bacterial PC scores were not affected by biochar amendment.

Only the second (P < 0.001) and third (P < 0.05) PC were significantly

affected by the coir age. Furthermore, only the second PC was linearly

related with coir age. As a factor, coir age explained about 10.0% of the

total variability across all bacterial PCs from root samples.

Coir age, as a factor, significantly affected the first four fungal

PC scores in root samples with P < 0.05 for the first and second, P <

0.01 for the third, and P < 0.001 for the fourth PC score.

Furthermore, the first and fourth PCs were linearly related to the

reused coir age. Summarized over all PCs, the coir age explained

about 10.3% of the total fungal variability.

The non-parametric multivariate analysis of variance of the

Bray–Curtis indices showed that only coir age was significantly

(P < 0.001) affected between sample diversities, explaining 10.7% of

the total variability in the b diversity indices. Similar results

were obtained for fungi, except that coir age explained more
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variability (approximately 18.3%) in the b diversity indices.

However, the sample separation due to reused coir age appeared

to be clearer for bacteria (Figure 2A) than for fungi in the first two

dimensions (Figure 2B).

3.1.3 Differential abundance
Table 2 gives the summary of differential abundance analysis. The

present focus was on those ASVs with an average count greater than

100. Of the 2,740 bacterial ASVs, the abundance of 20 bacterial ASVs

was affected by reused coir age (as a factor), and the abundance of 14

bacterial ASVs had a significant linear relationship with reused coir

age (Table 3): six increased with increasing reused coir age, including

two Streptomyces ASVs. For the other eight ASVs, there was a

decreasing relationship with increasing coir age, including two

Novosphingobium ASVs and two Streptomyces ASVs. None of the

bacterial ASVs with an average read count above 100 was affected

significantly by biochar amendment.

The abundance of 55 fungal ASVs was affected by reused coir

age (as a factor), and the abundance of 41 fungal ASVs was in a

linear relationship with reused coir age: 20 increased with

increasing reused coir age, including Ilyonectria destructans and
A

B

FIGURE 1

Within-sample (alpha) diversity indices for bacteria (A) and fungi (B) of 48 strawberry root samples in relation to biochar amendment and the age of
reused coir (in years at planting).
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Flagelloscypha minutissima (Table 4). For the other 21 ASVs, there

was a decreasing relationship with increasing coir age, including I.

liriodendra, two Cadophora luteo-olivacea ASVs, two Zopfiella

marina ASVs, and one Cadophora malorum ASV (Table 4).

Of the 1,168 fungal ASVs detected in the root microbiome,

beech biochar amendment led to significant decreases in relative

abundance of five ASVs compared to the control: one from F.

minutissima, one from Rhizoctonia, and the other three ASVs could

not be assigned to a rank below order (Table 5). Compared to the

control, amendment with oak biochar led to significant increases

and decreases in relative abundance for five and three ASVs,

respectively. Of these eight ASVs, one was from F. minutissima

(reduced abundance), and one Rhizoctonia, one Ceratobasidium,

and one Dactylium (increased abundance) (Table 5).

3.1.4 Fruit yield in relation to biochar
amendment, reused coir age, and microbial ASVs

The root microbiome consisted of 1,364 and 700 bacterial and

fungal ASVs with an average read count greater than 100,

respectively. Only one bacterial ASV (Bradyrhizobium) was

correlated (Pearson coefficient) with fruit yield. None of the ASVs
Frontiers in Agronomy 06
were significantly associated with fruit yield once the block and

biochar factors were included in the regression.

Spearman and Pearson correlation indicated four and three

fungal ASVs, respectively, with their relative abundance negatively

correlated with fruit yield. Two were common ASVs, and the others

could not be assigned to the phylum rank. When both block and

biochar amendment were included in the linear regression, only the

Linnemannia elongata ASV was negatively related to fruit yield.

None of the bacterial or fungal PCs correlated with fruit yield.
3.2 Coir microbiome

3.2.1 General sequencing quality and taxonomy
Of the 16 coir samples, four failed to produce sufficiently high-

quality DNA for sequencing: two from virgin coir and the other two

from 1-year-old coir. A sufficient sequencing depth was achieved for

the remaining 12 samples (Supplementary Figure S1). The

summary of sequencing reads per sample or per ASV is given in

Table 1. In total, the coir microbiome consisted of 2,856 bacterial

and 1,066 fungal ASVs used for statistical analysis.
TABLE 2 Summary of differential abundance analysis of bacterial (16S) and fungal (ITS) communities in strawberry root and coir.

Roots Coir

Comparisons 16S ITS 16S IITS

Total ASV 2,740 1,168 2,856 1,065

Oak biochar vs. control 6 (1)/0 (0)a 7 (8)/5 (3)

Beech biochar vs. control 5 (3)/0 (0) 5 (13)/5 (0)

Oak vs. beech biochar 2 (0)/0 (0) 10 (10)/2 (4)

Coir age as a factor 102 (150)/9 (11) 77 (79)/30 (24) 11 (25)/5 (6) 14 (26)/7 (17)

Coir age as a variable 42 (113)/6 (8) 59 (63)/20 (22) 5 (16)/1 (1) 8 (12)/3 (4)
aa (b)/c (d): values in brackets are the total number of ASVs for which the first comparison treatment led to increased (“a”) or decreased (“b”) relative abundance. Values of “c” and “d” correspond
to the number of ASVs with average read counts greater than 100 that increased or decreased the relative abundance of the first comparison treatment, respectively.
A B

FIGURE 2

First two dimensions of non-metric multidimensional scaling of Bray–Curtis indices among the 48 strawberry root samples for bacteria (A) and
fungi (B) in relation to the age of reused coir (in years at planting) and biochar amendment.
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TABLE 4 Summary of fungal ASV in strawberry roots (endophytes and rhizoplane) that are significantly linearly related to the reused coir age (years).

ASV ID Average reads Slope Adjusted P-values Predicted taxonomy

ASV92 270.86 −1.11 <0.001 Cadophora luteo-olivacea

ASV23 1,514.25 −1.01 <0.001 Cadophora luteo-olivacea

ASV63 272.61 −0.97 <0.001 Cadophora malorum

ASV39 440.11 −0.68 <0.001 Coniochaeta

ASV41 249.74 −0.58 <0.001 Coniochaeta

ASV31 566.21 −0.57 <0.001 Coniochaeta

ASV50 259.03 −0.55 <0.001 Coniochaetaceae

ASV43 369.15 −1.42 0.005 Fungi

ASV97 109.01 −1.20 0.049 Fungi

ASV18 1,241.45 −0.79 0.008 Fusarium

ASV24 733.75 −0.83 0.014 Ilyonectria liriodendri

ASV29 659.43 −1.55 0.002 Rhizoctonia

ASV21 1,397.17 −1.17 0.026 Sordariales

ASV67 191.59 −1.25 <0.001 Sordariomycetes

ASV77 987.59 −0.98 <0.001 Sordariomycetes

ASV109 125.44 −0.95 <0.001 Sordariomycetes

ASV89 157.02 −0.82 <0.001 Sordariomycetes

ASV30 412.72 −0.75 <0.001 Sordariomycetes

ASV48 206.17 −0.65 0.001 Sordariomycetes

(Continued)
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TABLE 3 Summary of bacterial ASV taxa in strawberry roots (endophytes and rhizoplane) that significantly linearly related to the reused coir
age (years).

ASV ID Average reads Slope Adjusted P-values Predicted taxonomy

ASV9 1,251.46 −0.93 <0.001 Kineosporia

ASV23 550.93 −0.72 <0.001 Kineosporia

ASV10 679.69 −0.65 <0.001 Micromonosporaceae

ASV24 207.89 −0.47 0.007 Novosphingobium

ASV38 112.23 −0.32 0.041 Novosphingobium

ASV54 347.94 −0.60 0.043 Simplicispira

ASV58 179.65 −0.89 <0.001 Streptomyces

ASV28 499.51 −0.57 <0.001 Streptomyces

ASV48 798.46 0.33 0.023 Gammaproteobacteria

ASV7 1,262.81 0.35 0.008 Streptomyces

ASV17 475.51 0.56 0.013 Streptomyces

ASV32 252.23 0.86 <0.001 Actinoplanes

ASV196 103.56 0.91 0.005 Niastella

ASV34 385.72 1.05 <0.001 Niastella
Only ASVs with average read counts greater than 100 were included in the table. Positive slope values indicate relative abundance increases with reused coir age and vice versa.
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A total of 98.6%, 95.3%, 83.4%, 68.1%, and 58.5% of mapped

bacterial reads could be assigned to the rank of phylum, class, order,

family, and genus with confidence of at least 50%, respectively. The

two most common bacterial phyla were Proteobacteria and

Actinobacteria, irrespective of treatments (Supplementary Figure

S3A), accounting for approximately 50.7% and 29.1% of the total

mapped reads, respectively. Only 0.2% of reads failed to be assigned

to a phylum level with confidence. The top four ASVs were all from

the Streptomyces genus, accounting for 9.0% of the total mapped

reads. One Bacillus ASV and two Rhizobiales ASVs were also

among the top 10 most abundant ASVs.

A total of 94.3%, 85.9%, 69.0%, 51.9%, 46.2%, and 32.2% of

mapped fungal reads could be assigned to the rank of phylum, class,

order, family, genus, and species, respectively. Ascomycota and

Basidiomycota accounted for 47.5% and 43.4% of total mapped

reads, respectively (Supplementary Figure S2B). The top two most

abundant fungal ASVs in coir were from Hypocreales (6.2% and

4.1%), and two Humicola fuscoatra ASVs were the third and fourth

most abundant ASVs, jointly accounting for nearly 7.6% of the total
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mapped reads. Two Cladosporium ASVs were also among the top 10

most abundant fungal ASVs; one was classified as C. ramotenellum.

3.2.2 Within-sample (alpha) and between-sample
(beta) diversity

Coir microbiome within-sample diversity indices varied greatly

between samples of the same coir age for both bacteria and fungi,

with the exception of bacteria in virgin coir and fungi in the 1-year-

old coir, where much less variation was observed (Figure 3). The age

of reused coir did not significantly affect the alpha diversity indices.

Overall, alpha diversity was much higher for bacteria than fungi,

particularly for the Chao1 and Shannon indices (Figure 3).

The first principal components explained 24.4%, 16.1%, 12.5%,

and 10.3% of the total variability in bacterial ASVs in coir, whereas

the corresponding values for fungi were 22.9%, 14.3%, 12.9%, and

9.7%. The bacterial PC scores were not significantly affected by

reused coir age. Coir age significantly affected the fourth fungal PC

scores only (P < 0.01). Summarized over all fungal PCs, the coir age

explained about 28.1% of the total variability.
TABLE 4 Continued

ASV ID Average reads Slope Adjusted P-values Predicted taxonomy

ASV69 488.61 −1.17 0.018 Sporothrix stenoceras

ASV165 286.21 −1.38 <0.001 Zopfiella marina

ASV144 296.03 −0.76 0.002 Zopfiella marina

ASV37 311.75 1.85 0.006 Agaricomycetes

ASV3 6,046.08 1.90 <0.001 Anguillospora

ASV38 520.85 1.39 0.002 Ascomycota

ASV1 9,538.15 1.47 <0.001 Ascomycota

ASV5 4,555.24 1.72 <0.001 Ascomycota

ASV40 260.40 1.36 0.022 Basidiomycota

ASV264 198.20 1.99 0.026 Flagelloscypha minutissima

ASV100 432.12 1.55 0.007 Fungi

ASV25 1,873.50 1.99 0.001 Fungi

ASV35 196.62 0.93 0.015 Helotiales

ASV115 106.26 1.39 0.013 Helotiales

ASV7 2,666.61 1.03 0.013 Hypocreales

ASV14 1,441.58 1.05 0.003 Hypocreales

ASV103 129.68 1.39 0.022 Hypocreales

ASV6 2,928.11 2.22 <0.001 Hypocreales

ASV64 199.36 1.18 <0.001 Ilyonectria destructans

ASV203 161.99 1.42 <0.001 Leotiomycetes

ASV1109 125.49 1.41 <0.001 Nectriaceae

ASV32 259.35 0.68 0.002 Sordariomycetes

ASV88 239.94 1.71 0.003 Sordariomycetes
Only ASVs with average read counts greater than 100 were included in the table. Positive slope values indicate relative abundance increases with reused coir age and vice versa.
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A B

FIGURE 3

Within-sample (alpha) diversity indices for bacteria (A) and fungi (B) of 12 coir samples in relation to the age of reused coir (in years at planting).
TABLE 5 Differential analysis summary of fungal ASVs in strawberry roots (endophytes and rhizoplane) with a significantly different abundance
between biochar treatments.

Comparison ASV ID Average reads L2FC value Adjusted P-values Predicted taxonomy

Beech control ASV300 100.66 −4.82 0.022 Flagelloscypha minutissima

ASV35 196.62 −2.33 0.004 Helotiales

ASV1169 785.72 −2.67 0.035 Rhizoctonia

ASV42 132.53 −2.53 0.025 Sordariales

ASV58 248.45 −2.76 0.022 Sordariomycetes

Oak beech ASV45 387.41 −2.53 0.026 Agaricomycetes

ASV83 375.80 −5.24 0.017 Agaricomycetes

ASV40 260.40 3.15 0.050 Basidiomycota

ASV147 106.86 6.04 0.044 Dactylium

ASV252 119.99 −8.19 <0.001 Flagelloscypha minutissima

ASV102 144.30 −3.61 0.037 Fungi

Oak control ASV9 2914.16 −2.87 0.008 Agaricomycetes

ASV83 375.80 −5.61 0.008 Agaricomycetes

ASV33 1670.05 2.63 0.026 Agaricomycetes

ASV107 1393.78 2.55 0.043 Ceratobasidium sp.

ASV147 106.86 8.23 0.004 Dactylium

ASV252 119.99 −11.43 <0.001 Flagelloscypha minutissima

ASV49 277.25 4.65 0.043 Rhizoctonia

ASV21 1397.17 3.51 0.026 Sordariales
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Only ASVs with average read counts greater than 100 were included in the table. The positive log2 fold change (L2FC) values indicate that relative abundance is greater in the first treatment.
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A non-parametric multivariate analysis of variance of the Bray–

Curtis indices suggested that coir age significantly affected the b
diversities for both bacteria (P < 0.05) and fungi (P < 0.001),

explaining about 33.1% and 36.7% of the total variability in the b
diversity indices, respectively. Samples from virgin and 1-year-old

coir appeared to be closer together in b diversity (Figure 4).

3.2.3 Differential abundance
A summary of the results is given in Table 6. For the coir

microbiome, only two comparisons were made: when coir age was

treated as a factor and as a continuous variable. The present focus was

on the comparison when coir age was treated as a continuous

variable. The abundance of 11 out of 2,856 bacterial ASVs was

significantly affected by coir age (as a factor), but only two ASVs

had their relative abundance linearly related to coir age after block

was taken into account—one was a Chlorophyta ASV (increasing

with increasing coir age) and the other a Streptomyces (decreasing

with increasing coir age) (Table 5). Similarly, the relative abundance

of 24 out of 1,065 fungal ASVs was affected by reused coir age (as a

factor), seven of which had their abundance linearly related with coir

age (Table 5). Noticeably, an I. destructans ASV and a Penicillium

ASV increased their relative abundance with increasing coir age.

3.2.4 Fruit yield in relation to microbial ASVs
in coir

Fruit yield was not significantly affected by the relative

abundance of any of the top 1,526 bacterial or 487 fungal ASVs.

Similarly, none of bacterial or fungal PCs were significantly

correlated with fruit yield.
4 Discussion

The present study identified many microbial taxa (ASVs),

particularly fungal taxa in strawberry roots (rhizoplane and root
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endophytes), whose relative abundance significantly varied with the

age of spent coir. However, the interpretation of these ASVs is made

difficult by the fact that most of these ASVs cannot be identified to

the taxonomical rank of species. There were only a few ASVs whose

increased or reduced relative abundance in reused coir could be

interpreted biologically in association with strawberry yield decline

in spent coir. Interestingly, neither fungal nor bacterial within-

sample diversity was affected by coir age. Moreover, amendment

with either oak or beech biochar did not affect the overall

microbial composition.

The relative abundance of several bacteria genera in roots

was linearly associated with reused coir age, including two

Niastel la ASVs which increased their abundance with

increasing reused coir age. Niastella, as a denitrifier, can

mitigate N2O emissions (Nishizawa et al., 2014); its increased

abundance may be the result of an increasing level of N fertilizer

in the reused coir. Increased abundance was also found for one

Actinoplanes ASV, which may have the role of cycling nutrients

(Boubekri et al., 2022). Thus, its increased abundance may also

be related to increasing amounts of nutrients in reused coir.

There were four Streptomyces ASVs, two of which increased their

abundance linearly, and the other two decreased their abundance

with increasing reused coir age. The Streptomyces genus contains

many known plant pathogens (Scholte, 1989; Elphinstone and

Wale, 2009) and strains with biological control properties (Law

et al., 2017; Mahnkopp-Dirks et al., 2021), making their role in

yield decline unclear. Similarly, the decrease in the relative

abundance of two genus Kineosporia (Actinomycetes) ASVs is

likely unrelated to yield decline since the genus is commonly

associated with leaf litter and has not been known to cause plant

diseases (Tamura and Suzuki, 2014). For two Novosphingobium

ASVs, the relative abundance linearly decreased with increasing

reused coir age; Novosphingobium is associated with

biodegradation of substrates and is prevalent in environments

such as soil and wood (Wang et al., 2018).
A B

FIGURE 4

First two dimensions of non-metric multidimensional scaling of Bray–Curtis indices among the 12 coir samples for bacteria (A) and fungi (B) in
relation to the age of reused coir (in years at planting) and biochar amendment.
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The relative abundance of two Ilyonectria ASVs was linearly

related to the spent coir age. One ASV (I. destructans, syn.

Cylindrocarpon destructans) increased its abundance in

strawberry roots with increasing reused coir age; the other (I.

liriodendra) decreased. Both species are known pathogens of

grapevine, causing root infections (Halleen et al., 2006; Cabral

et al., 2012; Reis et al., 2013). The high relative abundance of I.

robusta was associated with yield decline in soil-grown strawberry

under open-field conditions (Xu et al., 2015). Cylindrocarpon

destructans can cause variable degrees of crown and root rot in

strawberry (Fang et al., 2011a, b). Similar root diseases in strawberry

can also be caused by other non-specific pathogens, including

Rhizoctonia (Martin, 2000) and Fusarium oxysporum (Koike

et al., 2009), and are commonly referred to as black root rot, a

name that is descriptive of the appearance of the roots (Wing et al.,

1994). Cylindrocarpon destructans is also implicated in causing

ginseng root rot disease and rusty symptoms (Farh et al., 2018).

Although Rhizoctonia (Martin, 2000) and Fusarium (Koike et al.,

2009) could be strawberry root pathogens, the relative abundance of

one Rhizoctonia ASV and one Fusarium ASV in strawberry root

decreased with increasing reused coir age. However, it should be

noted that only one I. destructans ASV increased its relative

abundance in the coir with increasing reused coir age.

Several other ASVs with identification to the species level also

showed linear relationships with reused coir ages. The relative

abundance of two Pseudorhypophila marina (syn. Zopfiella

marina) ASVs, two C. luteo-olivacea ASVs, one C. malorum ASV,

and one Ophiostoma stenoceras ASV all significantly decreased with

increasing coir age. Cadophora luteo-olivacea is the most prevalent

Cadophora species associated with Petri disease and esca of

grapevine (Maldonado-González et al., 2020), and a minor post-

harvest pathogen of apple (Amaral Carneiro et al., 2022).

Pseudorhypophila marina produces zopfinol and the strong

antifungal zofimarin (Charria-Girón et al., 2022). Sporothrix

stenoceras is a sapwood-colonizing fungus occurring on some

coniferous and hardwood hosts (de Beer et al., 2003). Cadophora

malorum is present in pear orchard soil and may cause the side rot

of pear (Sugar and Spotts, 1992; Sugar, 1993). The relative

abundance of one Flagelloscypha minutissima ASV increased with
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increasing coir age; F. minutissima is a wild mushroom fungus. The

relative abundance of three yeast ASVs of Coniochaeta in

strawberry root decreased with increasing reused coir age.

Coniochaeta endophytes of plants and lichens (Damm et al.,

2010; Arnold et al., 2021a, Arnold et al., 2021b) are positively

associated with soil health (Huang et al., 2020).

When only microbiota in coir is considered, only a few taxa

linearly decreased or increased with reused coir age compared to the

root-associated microbiome. This may be partially due to reduced

statistical power because fewer samples were available for coir

microbiome analysis. Only one Streptomyces ASV had reduced

abundance with increasing coir age, and one green alga

(Chlorophyta) ASV had increased abundance with increasing age

in coir. For fungi, the same I. destructans ASV as in the roots had its

abundance linearly increased with increasing spent coir age.

Biochar, as an alternative agricultural practice, may modify and

improve soil fertility (Nelson et al., 2011; Prendergast-Miller et al.,

2014) when added to peat growing media; biochar enhanced root

formation and fruit production in strawberry (De Tender et al.,

2016). However, in the present experiments over four seasons, the

application of biochar did not lead to any yield benefit

(Shuttleworth et al., 2021), agreeing with another strawberry

study at East Malling in which biochar application to soil-grown

strawberry did not lead to a yield benefit (Jay et al., 2015).

Furthermore, the present research also showed that biochar did

not significantly affect the root-associated microbiome. Published

research generally suggests that amending the substrate or soil with

biochar can lead to significant changes in the soil microbiome (Dai

et al., 2021; Ren et al., 2023) and sometimes in the rhizosphere

microbiome, e.g., rhizobacterial communities in wheat (Li et al.,

2023). The lack of biochar-associated effects on the root-associated

microbiome may partially result from the application method. By

the nature of a compact coir bag, it was not possible to mix biochar

with coir well, and thus biochar was only applied to the planting

hole. Consequently, the roots may have grown into those areas

without biochar.

Of all bacterial and fungal ASVs associated with roots, only one

Linnemannia elongata ASV was found to be significantly negatively

correlated with fruit yield. Although L. elongata can improve
TABLE 6 Differential analysis summary of bacterial and fungal ASVs in coir that are significantly linearly related to the reused coir age (years).

Kingdom ASV ID Average reads Slope Adjusted P-values Predicted taxonomy

Bacteria ASV286 111.34 −0.90 0.038 Streptomyces

ASV457 149.43 1.51 0.025 Chlorophyta

Fungi ASV198 502.53 −2.76 0.035 Fungi

ASV247 107.94 −2.57 0.035 Fungi

ASV201 143.08 −2.45 0.035 Fungi

ASV67 491.65 −1.69 0.048 Sordariomycetes

ASV64 225.86 1.66 0.048 Ilyonectria destructans

ASV112 926.76 1.63 0.035 Penicillium

ASV118 439.88 1.53 0.048 Sordariales
Only ASVs with average read counts greater than 100 were included in the table. The positive slope values indicate relative abundance increases with reused coir age.
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Arabidopsis thaliana foliar growth and seed development

(Vandepol et al., 2022; De Tender et al., 2023), its function might

be context sensitive and/or strain specific. As explained, we used the

number of fruits as a yield indicator, which may not truly reflect the

total fruit weight and/or number of marketable fruits.

The reuse of substrate in the UK strawberry production is

becoming more frequent for several reasons. Reusing coir

significantly reduces the seasonal costs of using virgin coir, carbon

footprint related to shipping virgin coir material from South Asia,

and also manual labor required for bag disposal and replacement.

Reused coir bags are thus cheaper and more sustainable. Our

(Shuttleworth et al., 2021) and other independent research

(Woznicki et al., 2024) have demonstrated that June-bearing

strawberry cultivars such as ‘Malling Centenary’ may be grown in

up-to-twice-reused bags with negligible yield and quality penalty.

This is likely due to the short cropping season, during which negative

effects of substrate microbiome do not manifest in terms of noticeable

yield decline. This is, however, our inference since the

aforementioned studies did not investigate substrate microbiome.

We showed that care needs to be taken when everbearing strawberry

cultivars are grown in reused coir, especially if reused for more than

two seasons (Shuttleworth et al., 2021). It is likely that detrimental

microbial taxa, such as I. destructans identified in this study,

accumulate in used coir over several growing seasons and cause a

significant yield decrease only when fruit is produced for a prolonged

period of time. It may also be the case that the everbearing cultivar

used in the study is more susceptible to I. destructans and/or other

potentially detrimental microbes that had accumulated in used coir

compared to ‘Malling Centenary’. Although directly re-using in

everbearing strawberry production may reduce yields, the loss of

crop may be outweighed by the reduced input costs and increased

sustainability. Using biocontrol and plant growth-promoting

microorganisms at planting could mitigate this negative impact in

used coir substrate (Lombardi et al., 2020).

In addition to pathogenic and all other components of the root

and coir microbiomes, other factors also need to be considered

when reusing coir, such as whether pests become established in the

spent coir. Physio-chemical properties, including water retention

capacity, air porosity, and electrical conductivity, are very

important in strawberry production (Diara et al., 2012). These

parameters are likely to change with coir reuse (Woznicki et al.,

2024), and their optimum may also be variety specific. The reused

coir itself can also be converted into biochar; however, care needs to

be taken regarding salt and nutrient content, the pH of the biochar

produced from it, and the amount added to the media.

In summary, coir age did not alter the alpha diversity of strawberry

root and bulk coir microbiomes, but it contributed approximately

10%–20% and 30%–34% of the observed variance in the Bray–Curtis

beta diversity indices in strawberry roots and bulk coir microbiomes,

respectively. In strawberry roots, the relative abundance of 20

fungal ASVs, including the generalist root pathogen I. destructans,

increased with reused coir age, while the abundance of 21 ASVs

decreased with increasing coir age. Furthermore, I. destructans

abundance increased also in bulk coir. The observed yield decline in

strawberry is, therefore, likely to be associated with I. destructans. The

contribution of other microbial components as well as the degradation
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of physiochemical properties of used coir may also contribute to the

observed yield decline in reused coir. Adding biochar into planting

holes did not cause much changes in strawberry root-associated and

coir-associated microbiomes.

Future research is needed to investigate the extent to which

I. destructans is responsible for strawberry yield decline in reused

coir substrate. Furthermore, other methods of mixing substrate

amendments and different amendments that may alleviate yield

decline in reused coir need to be investigated—for instance,

sterilizing reused coir instead of direct reuse could have a

profound effect on microbiomes as well as plant development and

fruit production. Amendments of specific beneficial products could

then be added post-sterilization before packaging to ensure

thorough mixing.
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