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Abstract 

Recently w e demonstr ated that the seed microbiome of certain spinach ( Spinacia oleracea ) seed lots can confer disease suppression 

against Globisporangium ultimum damping-off (previously known as Pythium ultimum ). We hypothesized that differences in the micro- 
bial community composition of spinach seed lots correlate with the levels of damping-off suppr essi v eness of each seed lot. Here, 
we show that a large proportion of variance in seed-associated bacterial (16S) and fungal (Internal Transcribed Spacer 1) amplicon 

sequences was explained by seed lot identity, while 9.8% of bacterial and 7.1% of fungal community variance correlated with disease 
suppr ession. Mor e specificall y, a higher r elati v e a bundance of basidiomycetous dimorphic yeasts such as Vishniacozyma , Filobasidium , 
and Papiliotrema and of the bacterial genus Massilia was a key feature of suppressive seed microbiomes. We suggest that the abundance 
of these genera is indicati v e of seed lot suppr essi v e potential. Seed pr ocessing and tr eatment can become more targeted with indica- 
tor taxa being used to evaluate the presence of beneficial seed-associated micr obial functions. This pr ocess, in turn, could contribute 
to the sustaina b le mana gement of seedling diseases. Finall y, this study highlights the ubiquity of yeasts in spinach seed microbiota 
and their potential beneficial roles for seed health. 

Ke yw ords: seed microbiome; bacteria; fungi; yeasts; Pythium ultimum ; Spinacia oleracea 
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Introduction 

Recent r esearc h has highlighted the role of seed microbiota on 

plant health and crop yield (Simonin et al. 2022 , Verma and White 
2019 ). With plant pests and diseases leading to substantial yield 

losses yearly (Mesterházy et al. 2020 ), understanding how seed mi- 
crobiota can mitigate such losses offers a promising new asset for 
the production of healthy seeds and, consequently, for global food 

security (Husenov et al. 2021 , Mcguire and Sperling 2011 ). This is 
of particular interest especially as several chemical seed-applied 

plant pr otection pr oducts ar e expected to be phased out in the EU.
A lar ge-scale scr eening of 260 seed lots fr om se v en differ ent 

cr ops r ecentl y demonstr ated that the seed microbiome of cer- 
tain spinach ( Spinacia oleracea ) and beetroot ( Beta vulgaris ) seed lots 
can harbour beneficial micr oor ganisms able to suppress seedling- 
stage disease (Diakaki et al. 2022 ). The pathogen against which 

suppr essiv eness was detected was Globisporangium ultimum , pre- 
viously known as Pythium ultimum . This is an oomycete able to in- 
fect crops of high importance such as maize, soybean and wheat 
as well numerous vegetable crops, including members of the 
Solanaceae , Brassicaceae , and Cucurbitaceae families (Rai et al. 2020 ).
With G. ultimum able to cause damping-off, plants are confronted 

with this pathogen during a vulnerable stage in plant growth,
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amely, the onset of germination, when seeds are still mainly col-
nized by seed micr obiota. The pr ocess of germination is initiated
hen water is taken up by the seed (imbibition), after which the

mbryo physiologically prepares for emergence, before finally the 
mbryonic axis (typically the radicle) protrudes from the struc- 
ur es surr ounding it (Be wley et al. 2013 ). While germination r epr e-
ents an opportunity for infection (Rai et al. 2020 ), it is also a turn-
ng point for the assembly of plant microbiota (Barret et al. 2015 ,
hesneau et al. 2020 ). Evidence suggests that despite the impor-

ance of soil-derived microbiota (Rochefort et al. 2021 , Wolfgang et
l. 2020 ), seed-associated bacteria and fungi are also transmitted
o young plants (Johnston-Monje et al. 2021 , Nelson 2018 ) and can
e essential for plant health (Jack and Nelson 2018 , Matsumoto
t al. 2021 ). Our pr e vious r esearc h gav e further support to the ev-
dence of the importance of seed-associated microbiota for seed 

ealth, especially during germination (Diakaki et al. 2022 ). 
To better understand the c har acteristics of seed microbiota

hat are suppressive to G. ultimum , we focused on eight spinach
eed lots differing in damping-off suppr essiv eness and performed
 second spinach—G. ultimum bioassay, confirming our pr e vious
ndings (Diakaki et al. 2022 ). We amplified and sequenced micro-
ial DNA extracted from seeds and analysed the r elativ e abun-
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ance and taxonomical composition of the bacterial and fungal
ractions of seed microbiota based on 16S rRNA gene and Internal
ranscribed Spacer 1 (ITS1) amplicons, r espectiv el y. We hypoth-
sized that the microbial communities of the eight seed lots in-
luded in this study differ in taxonomical composition and that
hese differ ences corr elate with the le v els of damping-off sup-
r essiv eness of each seed lot. Consequently, we addressed the fol-

o wing resear ch questions: (i) How do the seed microbiota of dif-
er ent spinac h seed lots differ in taxonomical composition? (ii) Do
hese differ ences corr elate with seed micr obiome suppr essiv e po-
ential against G. ultimum ? And, lastly, (iii) are there specific taxa
hic h ar e differ entiall y abundant in highl y suppr essiv e seed lots?
etermining the k e y taxa of a suppr essiv e seed microbiome could
ssist the seed industry to de v elop indicators for suppr essiv eness
nd safeguard them during seed production and processing. 

aterials and methods 

eed lots 

his study focused on eight spinach seed lots coded A, B, C, D, E,
, G, and H, with each seed lot r epr esenting a unique genotype
cultivar). Seed lots were provided by Nunhems Netherlands B.V.
BASF), Pop Vriend Seeds B.V., Bejo Zaden B.V., and Sakata Vegeta-
les Europe S .A.S . They were selected by these companies directly
fter harvest and were stored under uniform conditions (12 ◦C,
0% RH). Seed lots A, B, C, D, E, and F were produced in Loca-
ion 1, while seed lot G in Location 2 and seed lot H in Location
, with each location representing a different country and fields
f production being at least 3 km distant from one another for
ll seed lots . T he seed lots have been selected based on the re-
ults of the spinach—G. ultimum bioassay reported by Diakaki et al.
 2022 ) in which 40 spinach seed lots were tested for microbiome-
ssociated suppr essiv eness . T he eight seed lots r epr esent a di-
 erse r ange of micr obiome-associated suppr essiv eness and hav e
een coded consecutiv el y, with seed lot A being the most suppres-
ive and seed lot H the least. We created the grouping factor ‘per-
ormance’ to describe the suppr essiv eness of these seed lots. We
onsidered seed lots A, B, C, and D to have a high level of suppres-
ive potential (high performance) and seed lots E, F, G and H a low
e v el (low performance). 

pinach—Globisporangium ultimum bioassays 

 year after completing the spinach—G. ultimum bioassay reported
y Diakaki et al. ( 2022 ), a second bioassay was performed to con-
rm the r epr oducibility and persistence of our findings for a sub-
et of 16 seed lots . T he set-up of the two bioassays was identical,
ith the exception of the first including four replicates of 62 seeds

ach, while the second had three replicates of 48 seeds per treat-
ent. Detailed information can be found in the supplementary
aterials and methods of Diakaki et al. ( 2022 ). 
Briefly, a part of the spinach seeds was treated with steam vac-

um pasteurization by Bejo Zaden B.V. as a proxy for partially
liminating the seed microbiota. Seeds were treated a few weeks
efore the onset of each bioassay . Subsequently , treated and non-
r eated spinac h seeds wer e c hallenged with G . ultimum . T he bioas-
ays used field top soil that was collected in the area of Breda, The
etherlands, from a field that was natur all y infected with G. ulti-
um . Ev ery r e plicate comprised an indi vidual container. The seeds
 ere so wn on the natur all y infected soil and cov er ed by a 1-cm

ayer of potting soil. The bioassays were done in the same grow-
ng chamber (50% humidity, 20 ◦C day/15 ◦C night, 12 h light/12 h
arkness) and treatments were randomized. The number of ger-
inated seedlings as well as the number of seedlings presenting
ost-emergence infection symptoms were scored 6 and 7 days af-
er sowing. 

Germination and emergence tests confirmed that no physio-
ogical side-effects were induced in the seeds of the selected seed
ots due to steam vacuum pasteurization. The germination test
onducted along with the first bioassay follo w ed the protocols
stablished by the International Seed Testing Association (ISTA
020 ) as described in the supplementary materials and methods
f Diakaki et al. ( 2022 ). The emergence test conducted along with
he second bioassay was done by sowing seeds (three replicates
f 48 seeds per seed lot) in the same natur all y infected soil after
 3-h steaming pasteurization period at 70 ◦C, to eliminate G. ulti-
um , follo w ed b y a ‘r ecov ering period’ of 3 weeks at 15 ◦C in plas-

ic br eathable ba gs , in the dark. T he number of emerged seedlings
as then recorded 6 and 7 days after sowing. 

NA metabarcoding 

eed samples used for metabarcoding were placed and subse-
uentl y stor ed in the freezer ( −20 ◦C) at the time when the first
ioassay was taking place. For e v ery seed lot, DNA extr action and
CR was conducted for ten samples of ∼70–80 mg of non-treated
eeds . T he samples were pooled in pairs after PCR to make up the
ve biological replicates that were sequenced per seed lot. Sam-
les were processed and sequenced in two sets: samples from
eed lots A, C, G, and H wer e pr ocessed first (set 1), follo w ed b y
eed lots B, D, E, and F (set 2). 

Sample pr epr ocessing prior to DNA extr action follo w ed the pro-
ocol of Köhl et al. ( 2024 ). The Pr ecell ys Evolution (Bertin Technolo-
ies) was used to bead-beat ∼70–80 mg of seeds with a 6.35 mm
teel bead (BioSpec) inside reinforced 2 ml scr e w-ca p tubes at
,000 r/m for 30 s, follo w ed b y a 20-s pause and bead-beating for
0 s a second time. Bead-beating for 30 s took place a third time
hen seeds remained partially intact to ensure producing ho-
ogenousl y powder ed samples. Samples wer e then fr eeze-dried

vernight, follo w ed b y transferring ∼15 mg of lyophilized powder
er sample to a well of a 96-well bloc k. The bloc k was placed in

iquid nitrogen for 30 s follo w ed b y adding 90 mg of 1.0 mm sil-
con carbide beads (BioSpec) to each well and bead-beating the
amples using T issueL yser II (Qiagen) at 30 Hertz for 30 s , in vert-
ng the block and bead-beating a second time at 30 Hertz for 30 s.
NA extraction then took place using the PurePrep Seed Kit (Mol-
en), the Kingfisher Flex robot (Thermofisher) and following the
 espectiv e manufactur er pr otocols. DNA extr action included fiv e
egativ e contr ols for set 1 and thr ee for set 2. We had initiall y used
he sbeadex™ maxi plant kit (LGC) for DNA extraction but needed
o discard the samples generated with this . T his kit is commercial-
zed for conducting plant DNA extractions and after r epeatedl y
nding remnants of bacterial DNA in its reagents, we discourage

ts use for microbiome studies. 
The Q5 Hot Start High-Fidelity DNA pol ymer ase (Ne w England

iolabs) PCR kit was used for DNA amplifications. Two sets of
rimers wer e used, namel y primers for the V4 r egion of the 16S
RNA gene: 515F (P ar ada) 5 ′ - GTGYCAGCMGCCGCGGTAA -3 ′ and
06R (Apprill) 5 ′ - GGA CTA CNV GGGTWTCTAAT -3 ′ and primers
or ITS1: ITS1F 5 ′ - CTTGGTCA TTT A GA GGAA GTAA -3 ′ and ITS2 5 ′ -
CTGCGTTCTTCA TCGA TGC -3 ′ (Apprill et al. 2015 , Gardes and
runs 1993 , P ar ada et al. 2016 , White et al. 1990 ). Amplifying the
6S rRNA gene and ITS1 aimed at assessing the bacterial and fun-
al fractions of the seed microbiota, respectively. Amplification
f plant DNA in the 16S rRNA gene PCR was blocked with the
se of PNA clamps, namely the anti-mitochondrial PN A (mPN A)
 

′ -GGCAAGTGTTCTTCGGA-3 ′ and the anti-plastid PN A (pPN A) 5 ′ -
GCTCAA CCCTGGA CA G-3 ′ (PNA Bio) (Lundberg et al. 2013 ). DNA
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extr acts wer e diluted 1:5 and ∼20 ng DN A w ere used per 50 μl PCR 

assay for both the 16S rRNA gene and the ITS1 PCRs. 
For the 16S rRNA gene PCR of sample set 1, e v ery assay com- 

prised 2.5 μl (1:5 diluted) DNA extract, 2.5 μl per primer (10 μM),
2 μl dNTPs (5 mM), 0.5 μl Q5 High-Fidelity DNA pol ymer ase, 5 μl 
mPNA (50 μM), 5 μl pPNA (50 μM), 20 μl water, and 10 μl Q5 Re- 
action buffer (5 ×). The thermal cycling started with heating the 
samples at 98 ◦C for 3 min, follo w ed b y 26 c ycles of 95 ◦C (30 s), 75 ◦C
(10 s), 50 ◦C (30 s), and 72 ◦C (30 s), before final elongation phase of 
1 min at 72 ◦C. For the ITS1 PCR of set 1, e v ery assay comprised 

2.5 μl (1 : 5 diluted) DNA extract, 2.5 μl per primer (10 μM), 2 μl 
dNTPs (5 mM), 0.5 μl Q5 High-Fidelity DNA pol ymer ase, 30 μl wa- 
ter, and 10 μl Q5 Reaction buffer (5 ×). The thermal cycling started 

with heating the samples at 98 ◦C for 3 min, follo w ed b y 28 cycles 
of 95 ◦C (30 s), 75 ◦C (10 s), 52 ◦C (30 s), and 72 ◦C (30 s), before a final
elongation phase of 1 min at 72 ◦C. The PCRs of sample set 2 only 
differed in the assay composition by including 4 μl (1 : 5 diluted) 
DNA extract and 18.5 μl water (16S rRNA gene) or 28.5 μl water 
(ITS1). Each PCR included a negative control sample amounting 
to four negative PCR control samples in total. 

The PCRs of set 2 also included positiv e contr ol samples in three 
replicates. For bacteria, the commercial ZymoBIOMICS™ Micro- 
bial Community Standard (D6300) (Zymo Research) was used. 
This commer cial DN A standar d includes equimolar amounts of 
DNA from Listeria monocytogenes , Pseudomonas aeruginosa , Bacillus 
subtilis , Esc heric hia coli , Salmonella enterica , Lactobacillus fermentum ,
Enterococcus faecalis , and Staphylococcus aureus . For fungi, a DNA 

standar d w as pr epar ed in-house by mixing purified full-length 

ITS DNA amplicons from six known pure fungal isolates . T his 
DN A standar d included DNA ∼ 2 × 10 8 amplicon copies/ μl per 
isolate from Monographella nivalis , Verticillium dahliae , Cladosporium 

cladosporioides , Vishniacozyma victoriae , Sporobolomyces roseus , and 

Agaricus bisporus . Amplification of the ZymoBIOMICS™ Microbial 
Community Standard (D6300) replicates follo w ed the 16S rRN A 

gene PCR settings, with a total input of 20 ng DNA per 50 μl PCR 

assay. Replicates of the in-house DN A standar d mixture w ere am- 
plified following the ITS1 PCR settings with the exception of com- 
prising 21 cycles and using 1.5 ng DNA as input per 50 μl PCR 

assay. To verify that the pr epar ation of sample sets 1 and 2 was 
comparable, one biological replicate per seed lot from set 1 was 
also amplified and sequenced along with the samples of set 2. 

After PCR, amplicons from every seed lot were pooled in pairs 
to make up five biological replicates for sequencing. These pooled 

samples and the control samples were sent to IGA Technology 
Services Srl, with the exception of the four negative PCR control 
samples, all of which resulted in no amplification. The sequenc- 
ing company purified the samples using 2 × XP Beckman beads 
(Beckman Coulter), and sequenced them using Illumina MiSeq (2 
× 300 PE). After purification, the negative controls of set 1 con- 
tained insufficient amounts of DNA and could not be sequenced.
The negative controls of set 2 were pooled into a single sample of 
150 μl per library (16S rRNA gene and ITS1) prior to purification 

and were sequenced. Information on the controls of the study can 

be found in Supplementary File S1 . 

Sequencing data processing (QIIME2) 
Sequenced reads were processed using QIIME2 (version 2021.8) 
(Bolyen et al. 2019 ). Reads that were shorter than 100 bp were re- 
moved using the cutadapt plugin (Martin 2011 ) after which the re- 
maining reads were demultiplexed, merged (16S reads only) and 

quality-filtered using the D AD A2 plugin (Callahan et al. 2016 ).
They were then classified as amplicon sequence variants (ASVs) 
and taxonomically annotated using the feature-classifier of QI- 
ME2 based on Naïve Bayes algorithm (Bokulich et al. 2018 ). The
nnotation for the 16S rRNA gene amplicons was based on the
ilva database (v.132) (Quast et al. 2012 ), while for the ITS1 ampli-
ons, it was based on the UNITE database (version 8, May 2021)
Nilsson et al. 2019 ). Taxa classified as Archaea and Eukaryota
er e r emov ed fr om the bacterial dataset. For both the bacterial
nd the fungal datasets, taxa being r epr esented by 10 reads or
ess in the entire ASV table were removed, together with taxa
hat were not identified at the phylum le v el. The r esulting bac-
erial and fungal ASV tables were then imported in R using the
iime2R (Bisanz 2018 ) and phyloseq (McMurdie and Holmes 2013 )
 pac ka ges. 

ta tistical anal ysis and da ta visualiza tion 

ll further data handling and the statistical analysis of the
atasets were performed with R version 4.2.1 (R Core Team 

024 ). Data were visualized with the ggplot2 R pac ka ge (Wic kham
016 ). All data recorded in the bioassays and germination tests
ere count data (number of germinated, emerged or diseased 

eedlings) and wer e anal ysed using generalized linear models ( α =
.05) with the glm function of the multcomp R package (Hothorn
t al. 2008 ). The dispersion of count data was examined using the
estDispersion function of the DHARMa R pac ka ge (Hartig 2019 ).
n order to account for data over- or under-dispersion, a quasib-
nomial distribution was used in the generalized linear models.
alse discovery rate (FDR) was controlled using the Benjamini–
oc hber g pr ocedur e (BH) at le v el α = 0.05, giv en that the anal ysis
omprised multiple comparisons. While in Diakaki et al. ( 2022 ) the
umber of pre- and post-emergence damped-off seedlings were 
reated as two separate disease variables, here they were summed
er replicate and analysed as a single variable. 

The results of the first bioassay were used as metadata in the
nalysis of the sequencing data, since the seed samples used for
etabar coding w ere placed in the freezer ( −20 ◦C) at the time
hen that bioassay was taking place. 
With regards to the sequencing data, the rarefy_even_depth 

unction of the phyloseq R pac ka ge (McMurdie and Holmes 2013 )
as used for normalizing the ASV tables by r ar efaction at a sam-
ling depth of 12 717 reads (bacterial dataset) and 23 979 reads

fungal dataset). This resulted in the bacterial dataset being re-
uced to 37 samples, after the r emov al of samples which failed to
eet the selected sampling depth threshold (two samples of seed

ot E and one of seed lot G). All 40 samples of the fungal dataset
er e conserv ed. Rar efied ASV tables wer e used for calculating al-
ha div ersity metrics, namel y species ric hness and Shannon di-
ersity index. For all other types of anal yses, r ead counts per ASV
er e tr ansformed into pr oportions (r elativ e abundance), as a nor-
alization method to adjust for unequal library size and retain

ll ASVs, using the transform function of the microbiome R pack-
ge (Lahti and Shetty 2018 ). One of the fiv e r eplicates of seed lot
 was excluded from all analyses due to its low library size (num-
er of reads). The following steps of the statistical analysis were
ompleted for both datasets separ atel y. Wher e necessary, FDR was
ontrolled using the Benjamini–Hochberg procedure (BH) at level 
= 0.05. Where possible, the factor location was constrained since

t is known that terroir is a major component shaping seed micro-
iota (Klaedtke et al. 2016 , Morales Moreira et al. 2021b ) and as
uch, was expected to mask the factors of inter est, namel y seed
ot, disease suppression and performance. 

Species richness and Shannon diversity index were calculated 

er seed lot using the estimate_richness function of the phyloseq
 pac ka ge (McMurdie and Holmes 2013 ). The Kruskal–Wallis test
f R (BH; α = 0.05) was then used to test whether these two diver-

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf004#supplementary-data
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Figure 1. Disease suppression per seed lot in spinach—Globisporangium ultimum bioassa ys . T he y -axis (disease suppression %) represents the mean 
difference in damping-off infection % between treated and non-treated seed samples per seed lot. Seed lots for which this difference is significant 
(generalized linear model, α = 0.05) appear in blue. Data are shown for the first [A; based on data from Diakaki et al. ( 2022 )] and second bioassay (B). 
False discovery rate (FDR) was controlled using the Benjamini–Hochberg procedure ( α = 0.05). For seed lot C in the second bioassay, 100% of treated 
seeds were diseased in all replicates; the colour of the respective bar has been manually adjusted to blue since the lack of variation interfered with the 
statistical analysis. 
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ity metrics differed per seed lot. The Pearson’s correlation test
BH; α = 0.05) of R was used to e v aluate the corr elation between
ach of the diversity metrics and disease suppression. 

For categorizing genera as core or rare, the tax_glom function
f phyloseq R pac ka ge (McMurdie and Holmes 2013 ) was first
sed to a gglomer ate taxa at the genus le v el. The cor e_members
nd r ar e_members functions of the micr obiome R pac ka ge (Lahti
nd Shetty 2018 ) were then used to extract core and rare taxa,
 espectiv el y. The same was done for ASVs without an agglomer-
tion step. Similarly to Kim et al. ( 2023 ), we defined taxa as core
hen being present in at least 80% of the samples and r ar e when
eing present in no more than 20% of the samples. Prevalence
as calculated per ASV as the percentage of samples in which

he ASV is present. 
Or dination analysis w as performed based on the Bray–Curtis

nd the J accar d dissimilarity matrices (non-metric multidimen-
ional scaling; NMDS), using the ordinate function of the phy-
oseq R pac ka ge (McMurdie and Holmes 2013 ). T he Bra y–Curtis
istance metric accounts for presence/absence and r elativ e abun-
ance data, while the J accar d distance metric only for pres-
nce/absence data. Perm utational m ultiv ariate anal ysis of v ari-
nce (PERMANOVA) was performed using the adonis2 function of
he v egan R pac ka ge (Oksanen 2012 ) to explor e the percenta ge of
ariance explained by the factors seed lot and disease suppres-
ion; the factor location was constrained in the models. 

Relating to the identification of differ entiall y abundant taxa be-
ween high and low-performing seed lots, three different meth-
ds wer e used, namel y, a log-linear (natur al log) model (ancombc2
unction of the ANCOMBC R pac ka ge) (Lin et al. 2022 , Lin and Ped-
ada 2020 ), a Wilcoxon rank-sum test (compare_groups function
 S  
f the metacoder R pac ka ge) (Foster et al. 2017 ) and a Wald test
DESeq function of the DESeq2 R pac ka ge) (Lov e et al. 2014 ) (BH; α
 0.05). This was decided since it has been shown that the num-
ers and sets of differ entiall y abundant taxa can vary significantly
hen using different tools to identify them (Nearing et al. 2022 ).
e especially highlight the results of the ANCOM-BC2 model over

he other tw o, since w e consider it more robust and suitable based
n liter atur e (Lin and Peddada 2024 , Nearing et al. 2022 ). Addition-
lly, the ANCOM-BC2 model, allo w ed the inclusion of the factor lo-
ation, while the other methods could only incorporate one factor,
amel y performance. Lastl y, the R pac ka ge indicspecies was used
o perform an indicator species analysis for the two performance
roups (De Cáceres and Legendre 2009 ). 

All datasets, including the raw sequencing data and scripts
sed for their analyses can be found in the 4TU database with doi
0.4121/03e9e2af-904e-4949-ac10-c5721fd6e0f1, which can be ac-
essed at https://www.data.4tu.nl . The raw sequencing data used
re also publicly available via the European Nucleotide Archive
nder project accession PRJEB77602. 

esults 

pinach—Globisporangium ultimum bioassays 

he eight seed lots selected for this study are characterized by dif-
er ent le v els of suppr essiv e potential, a tr ait that was e vident and
onsistent in the results of both the first (Diakaki et al. 2022 ) and
econd bioassay. Globisporangium ultimum inoculum density and
nfectivity were not the same in the two bioassays since natur all y
nfested soil was collected a year apart to be used as substrate.
eeds had also aged by one year. Fig. 1 presents the mean differ-

https://www.data.4tu.nl
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ence in damping-off infection % between treated and non-treated 

seed samples per seed lot. Figure S1 ( Supplementary File S2 ) 
presents the disease incidence in treated and non-treated seed 

samples separ atel y. The lar ger the differ ence, the higher the sup- 
pr essiv e potential of the seed microbiome of a seed lot. These dif- 
er ences wer e significant (gener alized linear model, α = 0.05) with
he exception of seed lot H in both bioassays and seed lots E, F,
nd G in the second bioassa y. T his metric will be r eferr ed to as

disease suppression’ and is based on the values derived from the
rst bioassay. With regards to the grouping factor ‘performance’,

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf004#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf004#supplementary-data
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he disease suppression characterising high-performing seed lots
 anged fr om 39% to 66%, while for low-performing seed lots, it
 anged fr om 4% to 11%. 

For seed lots A and B disease suppression was the highest in
oth the first ( > 65%) (Diakaki et al. 2022 ) and second ( > 36%) bioas-
ay, while it was the lowest for seed lots E, F, G, and H ( < 14% in
oth bioassays). Disease suppression for seed lots C and D was
3% and 39%, r espectiv el y, in the first bioassay (Diakaki et al. 2022 )
nd 15% in the second bioassay. It should be noted that neither lo-
ation of cultivation nor company of production correlated with
isease suppression (Kruskal–Wallis rank sum test, α = 0.05); this
as tested based on the results from all 40 seed lots in the first
nd all 16 seed lots in the second bioassay. 

equencing data 

axonomic profiling of the spinach seed microbiota 

he bacterial dataset was described by an av er a ge of 27 770 high-
uality reads per sample and a total of 343 ASVs, while the fun-
al dataset contained an av er a ge of 62 261 high-quality reads per
ample and 273 ASVs. 

For bacteria, most ASVs belonged to the class Gammapro-
eobacteria (70.39%), with smaller proportions belonging to Bacilli
14.37%) and Actinobacteria (10.98%) ( Supplementary File S2 : Figs.
2 and S3 ; Supplementary File S3 ). At the genus le v el, Pantoea
37.42%) and Pseudomonas (27.96%) were the most abundant gen-
ra (Fig. 2 , Supplementary File S2 : Fig. S3 ; Supplementary File
3 ). For fungi, most ASVs belonged to the class Dothideomycetes
67.10%), follo w ed b y Tremellomycetes (19.73%) and Sordariomycetes
9.17%) ( Supplementary File S2 : Figs. S2 and S3 ; Supplementary
ile S4 ), while Alternaria (40.88%) and Vishniacozyma (11.50%) were
he most abundant genera (Fig. 2 , Supplementary File S2 : Fig. S3 ;
upplementary File S4 ). 

For computing alpha diversity metrics, the number of reads
as r ar efied to 12 717 and 23 979 for the bacterial and fungal
atasets, r espectiv el y. The number of ASVs retained was 333 bac-
erial and 273 fungal ASVs. 

lpha diversity differs per seed lot and correlates with 

isease suppression 

or bacterial communities, species richness ranged from 24 to
13 ASVs per seed lot and differed significantly between lots
Kruskal-Wallis rank sum test, FDR-adjusted P = 0.001), while
hannon diversity index did not (Kruskal–Wallis rank sum test,
DR-adjusted P = 0.106) ( Supplementary File S2 : Fig. S4 ). Ad-
itionall y, ther e was a moderate negative correlation between
pecies richness and disease suppression (Pearson’s correlation,
 = −0.42, P = 0.009; Fig. 3 ). For fungal comm unities, species ric h-
ess ranged from 25 to 70 ASVs per seed lot and differed signifi-
antly between lots (Kruskal–Wallis rank sum test, FDR-adjusted
 = 0.002) ( Supplementary File S2 : Fig. S4 ). Shannon diversity in-
ex also differed significantly between seed lots (Kruskal–Wallis
ank sum test, FDR-adjusted P = 0.0003) and ranged from 1.68 to
.76 ( Supplementary File S2 : Fig. S4 ). Both species richness ( R =
.39, P = 0.012) and Shannon diversity index ( R = 0.47, P = 0.002)
orr elated positiv el y with disease suppr ession (Fig. 3 ). These Pear-
on’s correlations were also moderate. 

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf004#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf004#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf004#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf004#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf004#supplementary-data
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https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf004#supplementary-data
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https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf004#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf004#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf004#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf004#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf004#supplementary-data
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https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf004#supplementary-data
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Figure 4. Relative abundance (%) and prevalence of bacterial (A) and fungal (B) ASVs. Prevalence represents the number of samples where a taxon is 
found. Each point represents an ASV. There are 39 samples in the bacterial dataset and 40 samples in the fungal dataset. Rare taxa (prevalence < 20%) 
are found on the left of the black dashed line. When multiple points overlap, they appear darker. Point colour designates the phylum an ASV belongs 
to. Note: the y- axis is presented on a log 10 scale. 

 

 

d  

w  

w  

o
 

w  

a  

l  

T  

w  

S  

a  

g  

D
ow

nloaded from
 https://academ

ic.oup.com
/fem

sec/article/101/2/fiaf004/7945797 by Bibliotheek der Landbouw
universiteit user on 13 February 2025
Most taxa are rare while the seed lots also share core 
microbiota 

The majority of the bacterial and fungal ASVs could be consid- 
er ed as r ar e based on their low pr e v alence (number of samples in 

which the ASV is present) and low relative abundance. From the 
total of 343 bacterial ASVs, 81% (280 ASVs) were rare (prevalence 
< 20%), with 32% (111 ASVs) only present in a single sample, while 
only 5% (16 ASVs) were found in > 80% of the samples. At the same 
time, 85% of ASVs (290 ASVs) had a r elativ e abundance of < 0.1%,
while 5% (16 ASVs) had a r elativ e abundance > 1% (Fig. 4 ). Simi- 
larl y, fr om the 273 fungal ASVs, 79% (216 ASVs) were rare (preva- 
lence < 20%), with 52% (141 ASVs) only present in a single sample,
while only 7% (18 ASVs) were found in > 80% of the samples. In ad- 
ition, 82% of ASVs (224 ASVs) had a r elativ e abundance of < 0.1%,
hile 7% (19 ASVs) had a r elativ e abundance > 1% (Fig. 4 ). Lastly,
e calculated that 56% of bacterial and 58% of fungal genera are
nl y pr esent in one seed lot. 

A set of spinach seed core microbiota was identified. These
ere taxa that were present in 80% of the samples and were
lso present in at least one sample per seed lot. At the genus
e v el, ther e wer e 11 core bacterial and 13 core fungal genera.
he core bacterial genera in order of highest r elativ e abundance
ere: Pantoea , Pseudomonas , Paenibacillus , Curtobacterium , Massilia ,
phingomonas , Advenella , Sanguibacter , Rhizobium, Methylobacterium ,
nd Rubrobacter ( Supplementary File S2 : Fig. S5 ). The core fun-
al genera in order of highest relative abundance were: Alternaria ,

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf004#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf004#supplementary-data
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ishniacozyma , Mycosphaerella , Stemphylium , Cladosporium , Holter-
anniella , Neoascochyta , Filobasidium , Papiliotrema , Bulleromyces ,
otrytis , Sporobolomyces , and Dioszegia ( Supplementary File S2 :
ig. S5 ). 

eed microbiota composition differs per seed lot and level of
isease suppression 

ut of the total variance in bacterial communities, 26.7% of vari-
nce is explained by the factor seed lot and 7.6% by the fac-
or disease suppression when using the J accar d distance (NMDS;
ERMANOVA α = 0.05). These proportions were 30.5% and 9.8%,
 espectiv el y, when using the Bray–Curtis distance (NMDS; PER-
ANOVA α = 0.05) (Fig. 5 ). Out of the total variance in fungal

omm unities, 41.4% of v ariance is explained by the factor seed lot
nd 6.2% by the factor disease suppression (NMDS; PERMANOVA
= 0.05). These proportions were 50.7% and 7.1% respectively
hen using the Bray–Curtis distance (NMDS; PERMANOVA α =
.05) (Fig. 5 ). 

ifferentially abundant taxa across performance groups 
etailed information on results presented in this section are doc-
mented in Supplementary File S5 for all three statistical meth-
ds used, namely the ANCOM-BC2 framework, a Wald test us-
ng the DESeq2 R pac ka ge and a Wilcoxon rank-sum test using
he metacoder R pac ka ge . T he results of the ANCOM-BC2 frame-
ork ar e pr esented in Fig. 6 for bacterial and fungal genera, while

he results of metacoder and DESeq2 can be found in the supple-
entary information (metacoder–Supplementary File S2 : Fig. S6 ;
ESeq2–Supplementary File S2 : Fig. S7 ). The heatmaps of Fig. 7

nclude all bacterial and fungal genera that were identified as dif-
er entiall y abundant by any of the three methods used. 

The bacterial genera, Massilia (2.49%), Saccharibacillus (2.01%),
nd a Myxococcales genus (0.02%), were found in higher relative
bundance in high-performing seed lots as indicated b y tw o of
he three methods used while Advenella (1.56%), Phyllobacterium
0.08%), Chryseobacterium (0.07%), and Sediminibacterium (0.02%)
ere found in higher relative abundance in low-performing seed

ots b y tw o of the three methods used (Table 1 ). The fun-
al genera, Vishniacozyma (11.40%), Filobasidium (1.64%), Papil-
otrema (1.54%), Itersonilia (0.15%), Dioszegia (0.10%), Bullera (0.06%),

allemia (0.02%), Symmetrospora (0.02%), and Bensingtonia (0.01%)
ere identified as more abundant in high-performing seed lots,
y at least two of the three methods, while the genera Neoas-
oc hyta (2.34%), Did ymella (0.47%), and Plectosphaerella (0.01%) wer e
ound in higher r elativ e abundance in low-performing seed lots
 y tw o of the thr ee methods used (Table 1 ). Differ entiall y abun-
ant bacterial and fungal taxa identified at the species le v el ar e
resented in Supplementary File S5 . Finally, genera that were
ither onl y pr esent in high- or onl y pr esent in low-performing
eed lots ar e pr esented in Supplementary File S2 : Table S1 , with
ost of these taxa being of low r elativ e abundance and low

r e v alence. 

ndicator taxa per performance group 

 set of bacterial and fungal genera were identified as indicators
f high- and low-performing seed lots (BH; α = 0.05). For bacteria,
assilia , Frigoribacterium , and a Myxococcales genus were indicators

ssociated with high-performing seed lots, while Advenella , Mar-
oricola , Rubrobacter , Brevundimonas , Microbacterium , Nocardioides ,

ediminibacterium , Xanthomonas , Phyllobacterium , and Rhodococcus
ere associated with low-performing seed lots ( Supplementary
ile S6 ). For fungi, Vishniacozyma , Filobasidium , Papiliotrema , Diosze-
ia , Itersonilia , Bullera , Wallemia , Bensingtonia , and Symmetrospora
ere indicators associated with high-performing seed lots, while
idymella with low-performing seed lots ( Supplementary File S6 ). 

iscussion 

he composition of the spinach seed microbiota 

n a gr eement with our hypothesis, we confirmed that part of the
 ariance in micr obial comm unity composition was explained by
he factor seed lot. This is in line with multiple studies highlight-
ng the importance of plant genotype (Chen et al. 2020 , Davies et
l. 2024 , Mor ales Mor eir a et al. 2021a ), as well as terroir (Klaedtke
t al. 2016 , Morales Moreira et al. 2021b ) and seed processing (Ab-
elfattah et al. 2023 ) in shaping the seed micr obiota. Apart fr om
xploring these differences, we used our dataset to describe core
pinach seed microbiota and explore the ubiquity of rare taxa
n our samples. To our knowledge, there is, at pr esent, onl y one
ther study specifically focusing on spinach seed microbiota. Kan-
el et al. ( 2022 ) used DNA samples r ecov er ed fr om the pericar p of
pinach seeds to report on the taxonomical composition of seed
piphytes using different seed lots. Similarly to their findings, our
 esults r einforce the pr e v alence of Pantoea , Pseudomonas , Curtobac-
erium , Massilia , Sphingomonas , and Sanguibacter as core bacterial
axa and of Alternaria and Botrytis as core fungal taxa of spinach
eed microbiota (Fig. 2 ; Supplementary File S2 : Fig. S5 ). The thor-
ugh DNA extraction method we de v eloped, allowed us to extract
oth epiphytic and endophytic microbial DNA from our samples.
 his ma y be the reason why, unlike Kandel et al. ( 2022 ), we de-
cribe numerous yeast genera as core fungal taxa of spinach seed
icr obiota, some of whic h may r eside in the seeds endophyticall y.
e used and recommend the same DNA extraction method for

ther plant species. Specifically, we verified its suitability for ex-
r acting (bacterial) DNA fr om r ed fescue, per ennial ryegr ass and
eetroot seeds ( Supplementary File S7 ). 

On a br oader le v el, similarl y to our findings in spinach, the Seed
icrobiota Database (Simonin et al. 2022 ) reports Pantoea , Pseu-

omonas , Paenibacillus , Sphingomonas , Rhizobium , and Methylobac-
erium (bacterial genera) as well as Alternaria , Vishniacozyma , Cla-
osporium , Filobasidium , and Sporobolomycetes (fungal genera) as
ore seed microbiota across multiple plant hosts. Interestingly, Si-
onin et al. ( 2022 ) highlight the pr e v alence of Alternaria metachro-
atica , which was also the most prevalent fungal species in our

tudy. 
Although seed microbiome studies do not distinguish between

easts and filamentous fungi, we noticed the pr e v alence of m ulti-
le yeast genera. We expect that the presence of yeasts in seeds is
acilitated by their ubiquity in the phyllosphere and more specif-
cally the anthosphere, where seeds develop (Aleklett et al. 2014 ,
emler et al. 2017 ). 

Apart from the identity of core microbiota and the distinct
resence of yeast taxa, all samples included numerous rare taxa.
cosystems of all dimensions are characterized by the dichotomy
f having few dominant (core) and a multitude of rare taxa. While
arity is linked to stochastic events, rare taxa are thought to be
rucial for stable ecosystem functioning based on the insurance
heory of biodiv ersity, especiall y in the presence of a stressor
Jousset et al. 2017 , Van Nes et al. 2024 ). Similarly to many other
cosystems, seed micr obiomes ar e also lar gel y sha ped by r ar e taxa
Johnston-Monje et al. 2022 ) and there is evidence to suggest that
uch taxa confer community robustness in seed microbiota as
ell (Kim et al. 2023 ). We calculated that an overwhelming 81%
f the bacterial and 79% of the fungal taxa of our study were rare.

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf004#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf004#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf004#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf004#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf004#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf004#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf004#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf004#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf004#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf004#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf004#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf004#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf004#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf004#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf004#supplementary-data
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Table 1. Bacterial (A) and fungal (B) genera identified as differentially abundant. The depicted genera were identified as differentially 
abundant between the two seed lot performance groups (high/low performance), using three statistical methods: the ANCOM-BC2 frame- 
work (ANCOMBC R pac ka ge), a Wald test (DESeq2 R pac ka ge) or a Wilcoxon r ank-sum test (metacoder R pac ka ge) ( α = 0.05; P -v alues 
adjusted using the Benjamini–Hoc hber g pr ocedur e). Gener a wer e pr esent in higher r elativ e abundance either in high- or low-performing 
seed lots. An asterisk ( ∗) designates which genera are part of the core microbiota and genera in bold were reported by more than one 
method. The table also includes r elativ e abundance (percentage of reads per genus per performance group) and prevalence (percentage 
of samples where a genus is found per performance group). 

A. Bacteria ANCOM-BC2 DESeq2 Metacoder 

Abundance % 

in high 
performance 

group 

Abundance % 

in low 

performance 
group 

Pre v alence % in 
high 

performance 
group 

Pre v alence % in 
low 

performance 
group 

Present in higher relati v e a bundance in high-performing seed lots 
Paenibacillus ∗ x 5.88 2.4 100 95 
Massilia ∗ x x 4.22 0.81 100 100 
Saccharibacillus x x 3.02 1.06 95 42 
Frigoribacterium x 0.2 0.02 45 16 
Rathayibacter x 0.06 a 0.08 45 47 
Myxococcales genus x x 0.04 0.001 50 5 
Present in higher relati v e a bundance in low-performing seed lots 
Advenella ∗ x x 0.54 2.72 100 100 
Rhizobium 

∗ x 0.26 1.54 80 84 
Stenotrophomonas x 0.21 0.24 65 53 
Methylobacterium 

∗ x 0.11 0.44 85 95 
Rhodococcus x 0.05 0.98 60 84 
Microbacterium x 0.04 0.32 35 58 
Rubrobacter ∗ x 0.02 0.1 80 89 
Phyllobacterium x x 0.02 0.14 40 53 
Chryseobacterium x x 0.02 0.12 35 47 
Prauserella x 0.01 0.08 40 58 
Sediminibacterium x x 0.01 0.04 40 53 

B. Fungi ANCOM-BC2 DESeq2 Metacoder Abundance % 

in high 
performance 

group 

Abundance % 

in low 

performance 
group 

Pre v alence % in 
high 

performance 
group 

Pre v alence % in 
low 

performance 
group 

Present in higher relati v e a bundance in high-performing seed lots 
Vishniacozyma ∗ x x 16.24 6.56 100 100 
Botrytis ∗ x 4.26 1 80 90 
Filobasidium 

∗ x x x 3.08 0.19 100 100 
Papiliotrema ∗ x x x 2.69 0.39 100 95 
Bulleromyces ∗ x 1.59 0.79 100 100 
Itersonilia x x 0.27 0.02 85 30 
Dioszegia ∗ x x x 0.17 0.03 100 75 
Bullera x x 0.12 0.003 80 10 
Wallemia x x 0.03 0.0004 65 10 
Symmetrospora x x 0.03 0.002 60 25 
Bensingtonia x x 0.02 0.002 70 25 
Present in higher relati v e a bundance in low-performing seed lots 
Alternaria ∗ x 38.98 42.04 100 100 
Cladosporium 

∗ x 4.69 4.83 100 100 
Verticillium x 4.27 10.22 70 90 
Sporobolomyces ∗ x 1.02 a 0.96 100 100 
Neoascochyta ∗ x x 0.79 3.88 100 85 
Gibellulopsis x 0.26 1.1 75 85 
Epicoccum x 0.05 0.44 45 35 
Cystofilobasidium x 0.05 0.6 80 80 
Didymella x x 0.001 0.93 10 35 
Plectosphaerella x x 0.001 0.02 5 40 

a Note that the log-fold c hange gener ated by ANCOM-BC2, r epr esents the differ ence in bias-corr ected abundances between gr oups and does not dir ectl y r eflect 
r elativ e abundance data. Similarly, log-fold change values generated by DESeq2 may not directly reflect relative abundance data due to the normalization procedure 
that is inherent to this method. 
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or fungi, species richness and Shannon diversity index positively
orrelated with disease suppression (Fig. 4 ; Supplementary File S2 :
ig. S4 ), implying that an increase in fungal diversity may con-
ribute to disease suppression against G. ultimum , possibly due to
he occupation of more niches. 

easts and other seed microbiota are associated 

ith disease suppression 

e also hypothesized and confirmed that differences in taxonom-
cal composition correlate with seed lot disease suppression. Level
f disease suppression was described per seed lot based on the
esults of two spinach—G. ultimum bioassays. Together, the eight
eed lots provided us with a stable gradient of disease suppres-
ion against G. ultimum damping-off and allo w ed us to explore
he different seed microbiota for correlations between levels of
isease suppression per seed lot and seed microbiome character-

stics. We sho w ed that 9.8% of bacterial and 7.1% of fungal com-
 unity v ariance between samples corr elated with disease sup-

ression (Fig. 5 ), thus, pointing at the possible contribution of seed
icrobiota in disease suppression in this particular pathosystem.

eed lot performance also correlated with differences in relative
bundance of certain taxa with multiple of those belonging to the
or e micr obiota we described (Table 1 ). 

The suppr essiv e effect of bacterial taxa mostl y r elated to the
ncreased abundance of the genus Massilia in high-performing
eed lots . T his genus was also part of the cor e micr obiota and
ound in all samples. Numerous studies have linked them to
uppr essiv eness a gainst plant pathogens (Andr eo-Jimenez et al.
021 , Lv et al. 2024 , Siegel-Hertz et al. 2018 ). With regards to
ungi, biodiv ersity corr elated positiv el y with seed lot disease sup-
ression while numerous taxa were also found in higher rel-
tive abundance in high-performing seed lots. It was particu-
arl y inter esting to find Vishniacozyma , Filobasidium , Papiliotrema ,
nd Dioszegia as differ entiall y abundant taxa since these are also
ore taxa amongst the seed lots of our study. Together with the
enera Itersonilia , Bullera , and Bulleromyces which are also more
ighl y pr esent in high-performing seed lots , the abo v e gener a be-

ong to the Tremellomycetes class of dimorphic basidiomycetous
ungi. 

Dimorphic species can be found in either a yeast state or hy-
hal form. Dimorphism is often observed in species with multi-
le nutrient acquisition str ategies, wher e the yeast state can be a
 esting structur e or r epr esent a sa pr obic asexual state, while the
yphal form associates with parasitism on either animals, plants
r other fungi (Begerow et al. 2017 ). Among others, the genera Pa-
iliotrema , Dioszegia , and Bullera are known for being able to par-
sitize other fungi (Begerow et al. 2017 ). Interestingly, although
easts are mostly known as members of the Ascomycota, the ma-
ority of known and potentially mycoparasitic yeasts belong to the
asidiomycota phylum (Begerow et al. 2017 ). 

Apart from mycoparasitism, there have been multiple other
r aits r eported in yeasts, whic h makes them efficient biologi-
al control agents (BCAs). Different yeasts have been studied
nd used as BC As , particularl y a gainst post-harv est pathogens
iven their ability to compete for space (niche occupation)
nd nutrients, secrete polymer-cleaving enzymes which dam-
ge the cell walls of pathogens, produce toxins, and volatile
rganic compounds (VOCs), induce host resistance and as
r e viousl y mentioned parasitize other fungi (Freimoser et al.
019 ). Our work indicates the possible importance of yeasts
n contr olling earl y sta ge seedling diseases such as G. ultimum
amping-off. 
From the Vishniacozyma genus, which we detected as most
r e v alent in high-performing seed lots, V. victoriae r epr esents an
xample of successful biological control against post-harvest dis-
ase of fruits such as Penicillium expansum, Botrytis cinerea , and Cla-
osporium sp. (Gorordo et al. 2022 , Nian et al. 2023 ). This species
as also present in our dataset. The Papiliotrema genus also

ontains BC As , such as the patented P. terrestris strain PT22AV,
hich is used against Penicillium expansum on apple post-harvest.
 his BC A was also anta gonistic a gainst Botrytis cinerea, Rhizopus
tolonifer , Aspergillus niger and Monilinia spp. in other fruits (Ianiri
t al. 2024 ). Additionally, Papiliotrema flavescens inhibits Fusarium-
nduced cr own r ot and head blight in wheat (Liu et al. 2021 ),
hile evidence suggests it can promote plant growth and in-
uce systemic resistance via VOC production (Liu et al. 2024 ). An-
ther mechanism through which the fungal fraction of the high-
erforming spinach seed lots mitigates G. ultimum disease could
e niche occupation since suppressive seed lots have more di-
 erse fungal comm unities . T his would be in line with the fact that,
 part fr om outcompeting the pathogen for space and resources, it
as been shown that more diverse ecosystems are more capable
o maintain ecosystem equilibrium in the presence of a stressor
Begerow et al. 2017 , Kim et al. 2023 , Van Nes et al. 2024 ). 

The genera Vishniacozyma , Filobasidium , Papiliotrema ,
ulleromyces , Dioszegia , Itersonilia , Bensingtonia , and Bullera are
ll common phylloplane yeasts found in plants of temperate cli-
ates, with known adaptations to that habitat such as pr otectiv e

igment formation against high radiation (Buzzini et al. 2017 ).
he book that reports this information covers the topic of yeast
iv ersity in differ ent natur al ecosystems, suc h as the phylloplane,
oil, and decomposing plant material. Ho w e v er, seed-associated
easts are not mentioned (Buzzini et al. 2017 ). At the same time,
eed microbiome studies seem to make no distinction between
easts and filamentous fungi found in their samples. Our results
ndicate that this may be an important r esearc h ga p and we
ecommend for studies to be shifted to w ar ds the presence and
unction of yeasts in seed microbiomes. 

emporal dynamics of disease suppression and 

ele v ance of seed microbiota 

part from seed germination, the seedling stage is also critical
or plant health. Seedling microbiota assembly is a dynamic pro-
ess in which seed- and soil-derived microorganisms compete for
 share of carbon-rich seed exudates and for the possibility of se-
uring a niche inside or in close proximity to the new-born plant
Barr et et al. 2015 , Torr es-Cortés et al. 2018 ). Although certain
eed-deriv ed taxa r emain part of the microbiota of the emerg-
ng seedling, multiple studies suggest that seedling microbiota are
r edominantl y r ecruited fr om the soil (Escobar Rodríguez et al.
020 , Ofek et al. 2011 , Rochefort et al. 2021 ). It would be coherent
o infer that the role of the seed microbiome in plant health is

or e pr onounced during germination, when external biotic con-
itions cannot be as influential as later. While the experimental
etup of our study does not allow the validation of this, we hy-
othesize that the y easts w e described are able to antagonize G.
ltimum during germination when seed exudation makes sugars
 eadil y av ailable, due to their known antagonistic effects and abil-
ty to m ultipl y fast. This is particularl y important to mitigating
nfection by G. ultimum since this is a very fast pathogen, with
ts sporangia being reported to respond to the release of seed
xudates within 30 min after exposure (Windstam and Nelson
008 ). Lastly, since the zoospores of phytopathogenic oomycetes
re known to use seed and root exudates as chemical cues guid-

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf004#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf004#supplementary-data
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ing them to w ar ds the host plant, the uptake of such compounds 
b y seed-associated y easts possibly masks seed germination (Dea- 
con 1996 , Kasteel et al. 2023 ). 

Multiple studies indicate that seed microbiota comprise above- 
ground plant-associated or airborne taxa which colonize seeds 
during flo w ering and seed maturation (Chesneau et al. 2020 , Rezki 
et al. 2018 , Torres-Cortés et al. 2018 ). We observe this to be the 
case for most of the taxa in our study that were associated with 

high-performing seed lots . T her efor e, since these organisms are 
not adapted to living belo w-ground, w e speculate that after an 

initial surge in n umbers, the y are outcompeted and die off, while 
young seedlings are colonized by neighbouring soil-dwelling mi- 
cr oor ganisms (Escobar Rodríguez et al. 2020 , Rochefort et al. 2021 ).
This is why we speculate that seed-associated yeasts are of partic- 
ular importance specifically for disease suppr ession a gainst fast 
pathogens when the onset of germination is a crucial timepoint.
We also expect pathogens using chemotaxis to be more vulner- 
able to this means of microbiota-induced disease suppression.
This is also in line with our pr e vious study, wher e seed micr obiota 
were able to confer disease suppression against G. ultimum but not 
a gainst pathogens attac king seedlings at a later stage or against 
pathogens that do not utilize chemical cues during pathogenesis 
(Diakaki et al. 2022 ). 

Utilizing indicator taxa to ensure seedling health 

The use of pathogen-free seeds is the first step in ensuring plant 
health. This is the main reason why seed producing companies 
occasionally need to disinfect seeds prior to commercialization. 
Yet seed disinfection may inadv ertentl y affect the seed microbiota 
which, as we ha ve demonstrated, ma y be an asset for seed and 

seedling health during the onset of germination. We consider our 
results to be a preliminary source of information for identifying 
indicator taxa, which could be used for making informed deci- 
sions on seed disinfection. Upon validation of our results, spinach 

seed microbiota could be screened for the relative abundance of 
certain taxa as a more efficient method of estimating vulnera- 
bility to Globisporangium damping-off. When testing this further, 
we recommend focusing on the core taxa that are differentially 
abundant between high and low-performing seed lots, namely 
Massilia , Vishniacozyma , Filobasidium , and Papiliotrema as potential 
indicators of suppr essiv e and Neoascoc hyta as indicator of non- 
suppr essiv e seed lots. 

Conclusions 

We were able to confirm our hypothesis and pr ov e that the seed 

microbiota of the eight spinach seed lots of our study differed 

in taxonomic composition, while part of these differ ences corr e- 
lated with suppr essiv eness a gainst G. ultimum damping-off. Our 
results point at the ubiquity of basidiomycetous dimorphic yeasts 
in spinach seed microbiota. We especially highlight the possi- 
ble importance of these micr oor ganisms in mitigating infection 

by pathogens attacking plants during germination such us the 
oomycete G. ultimum e v en though they ar e not ada pted to below- 
ground conditions. While many studies only focus on bacteria,
our findings support the importance of including fungi in stud- 
ies exploring the benefits of seed microbiota in plant health. Fi- 
nall y, upon v alidation of these pr eliminary r esults, we consider 
our findings to be applicable in the seed industry by pointing at 
potential indicator taxa for making informed decisions on seed 

disinfection. 
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