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While the structure and function of the microbial communities associated with the rhizosphere and
phyllosphere have received broad attention, the knowledge of seed-associated microbiota still remains
limited. In this work, we characterized the seed fungal endophytes present in a coastal plant Suaeda salsa
using 454 pyrosequencing. The fungal community present in its seeds exhibited extremely low species
richness. Very few genera were identified, and the genus Cladosporium dominated. In parallel, we
recovered one isolate of Cladosporium cladosporioides from the seeds. Hence, we hypothesized that the
endophytic C. cladosporioides would exert a beneficial effect on plant fitness. Subsequent inoculation test
revealed the role of C. cladosporioides in improving host seed germination rates. Re-isolation assay and
scanning electronic microscopy analysis of its colonization pattern during seed germination, coupled
with our previous observation that C. cladosporioides was also present in the phyllosphere, rhizosphere
and root endosphere of S. salsa, supported the evidence of its primary soil-borne origin and both
epiphytic and endophytic infection of host tissues. Furthermore, significant growth enhancement was
recorded in American sweetgum seedlings inoculated with an optimal conidia concentration of
C. cladosporioides. In conclusion, our work underscores the ecological significance of seed-borne endo-
phytes and the system presented can be developed into a tool for understanding endophytic associations
in the costal environments.

© 2016 Elsevier Ltd and British Mycological Society. All rights reserved.
1. Introduction

The community structure and diversity of plant-associated
microbiota are crucial determinants of plant performance and
productivity (Berendsen et al., 2012; Schlaeppi and Bulgarelli, 2015;
van der Heijden and Schlaeppi, 2015). With the rapid progress in
high-throughput DNA sequencing technology, microbes thriving in
the phyllosphere, rhizosphere and root endosphere of major crops
and model plant species have been extensively investigated and
shown to have distinct community structures depending on
different tissues and plant habitats (Redford and Fierer, 2009;
Bulgarelli et al., 2012; Bodenhausen et al., 2013; Shakya et al.,
2013; Lebeis, 2014). Moreover, multi-omics approaches (such as
metagenomics and whole-genome analysis) have dramatically
revolutionized our understanding of the role of the plant micro-
biome (Bai et al., 2015; Bulgarelli et al., 2015).

While the structure and function of the microbial communities
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associated with the rhizosphere and phyllosphere have received
broad attention, the knowledge of microbiota dwelling in other
niches (for example, a host's reproductive structures) is poorly
understood. The seed is an important microbial habitat that sus-
tains a variety of beneficial and pathogenic microbes (Nelson,
2004). Much like the rhizosphere, the spermosphere is a zone
surrounding seeds, wherein soil microbes, seed microbes and
germinating seeds may interact (Nelson, 2004). The microbiota of
the spermosphere is usually short-lived but has a long-lasting
impact on seed vitality and seedling growth (Nelson, 2004;
S�anchez-Coronado et al., 2011; Chen et al., 2012; Schiltz et al.,
2015). A recent study revealed that microorganisms from both
the seed endosphere and spermosphere, possibly the least-studied
group of plant symbionts, are capable of promoting seed germi-
nation and providing benefits to plants during exposure to biotic
and abiotic stress (Truyens et al., 2014). For example, the seed-
borne fungal endophyte Stagonospora sp. (Pleosporales, Ascomy-
cota) can enhance reed (Phragmites australis) biomass and facilitate
the establishment of seedlings in novel habitats (Ernst et al., 2003).
Similarly, fungi isolated from the seeds of Opuntia spp. (Phoma sp.,
Penicillium chrysogenum, and Trichoderma koningii) are involved in

Delta:1_given name
Delta:1_surname
Delta:1_given name
mailto:zlyuanmycology@gmail.com
mailto:yuanzl@caf.ac.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.funeco.2016.08.011&domain=pdf
www.sciencedirect.com/science/journal/17545048
www.elsevier.com/locate/funeco
http://dx.doi.org/10.1016/j.funeco.2016.08.011
http://dx.doi.org/10.1016/j.funeco.2016.08.011
http://dx.doi.org/10.1016/j.funeco.2016.08.011


Y. Qin et al. / Fungal Ecology 24 (2016) 53e6054
disrupting seed dormancy and promoting a higher rate of seed
germination in semi-arid lands (Delgado-S�anchez et al., 2010, 2011,
2013). In addition, the effects of seedmicrobiota on plant fitness are
not specific to plant-fungal interactions. There are also numerous
reports of seed-associated bacteria having the same functions in
relation to plant fitness (Morpeth and Hall, 2000; Mastretta et al.,
2009; Hardoim et al., 2012; Xu et al., 2014; Pitzschke, 2015). It is,
thus, reasonable to speculate that seed-associated microbes,
including endophytes and epiphytes, may play a larger role in
modulating their host plants than previously thought.

In this work, we characterized the seed-borne fungal endophyte
community associated with Suaeda salsa, a typical coastal plant
with superior halo-tolerance, using 454 pyrosequencing targeting
the nuclear ribosomal DNA internal transcribed spacers 1 and 2
(ITS1 and ITS2). We first aimed to reveal the diversity and structure
of the fungal endophyte community. A culture-based approach was
also adopted to recover the endophytes from seeds. Based on these
data, we hypothesize that certain culturable endophytes may pro-
vide some kinds of benefit to the host and even to other plants.
Thus, it is hoped that this study will gain important insight into the
ecology and symbiotic potential of the seed-borne endophytes.

2. Methods

2.1. Plant materials and seed surface sterilization

S. salsa is widespread in the eastern coastal regions of China and
grows in hypersaline soils. In December 2013, we collected mature
seeds of S. salsa in Dongying (Shandong province, 37�2304300N,
118�5502500E), where S. salsa was one of the dominant halophytes.
Three sampling plots were selected (around 3e5 m apart), and
three to five plants per pot were sampled. Seeds of all these plants
were then thoroughly mixed and divided into three homogeneous
sub-samples that were used for pyrosequencing analysis. The seeds
were excised from the utricles and surface sterilized by immersion
in ethanol (75%, v/v) for 30 s, followed by a solution of 2.0% NaClO
(v/v) for 8 min, and then transferred to 90% ethanol (v/v) for 30 s to
remove the remaining NaClO. Finally, the seeds were rinsed at least
five times with sterilized distilled water.

2.2. DNA extraction from the seed-associated microbiome

A DNeasy Plant Mini Kit (QIAGEN Inc.) was used to extract total
genomic DNA from the surface-sterilized seeds. The samples were
ground in liquid nitrogen using a sterile frozen mortar and pestle.
Approximately 100mg of frozen seedmaterial powderwas used for
DNA extraction. To obtain high yields of DNA, we processed five
subsamples in parallel and used 120 ml of washing buffer to elute all
of the collection tubes twice during the final step of the kit protocol.

2.3. PCR amplification and amplicon sequencing

Because there is no universal primer pair that can target all
microbial groups, primer selection has a great impact on the
characterization of amicrobial community. Small subunit (SSU) and
large subunit (LSU) ribosomal DNA in fungi, which are less infor-
mative for making precise identifications, were not used in this
work. Therefore, we adapted the two primer pairs ITS1F-ITS2
(targeting the ITS1 region; rapidly evolving) and fITS7-ITS4 (tar-
geting the ITS2 region; moderately evolving) to conduct a parallel
pyrosequencing analysis of the seed endophytic fungal community
(Cordier et al., 2012; Ihrmark et al., 2012; Zimmerman and
Vitousek, 2012). We concur with other researchers that one of
the most challenging technical issues faced when characterizing
the structure of plant microbiomes is the amplification of plant
DNA with primers used for fungi (Lucero et al., 2011; e.g., Dr. Petr
Baldrian, Academy of Sciences of the Czech Republic, personal
communication), and the degree of contamination can vary be-
tween plant species. Preliminary analyses have revealed that plant-
derived ITS sequences can contaminate amplicon libraries when
using the direct PCR method. To reduce the occurrence of non-
specific amplification, a nested PCR method was developed.
Briefly, NSA3 and NLC2, which are considered to be Dikarya-
specific, were used as outer primers for the first PCR run to
amplify the complete ITS region (Martin and Rygiewicz, 2005). The
second amplification cycle was performed using the two primer
sets mentioned above. The primer sequences, primer pairs, and
annealing temperatures used in the nested PCRs are provided in
Table S1. All positive amplicons obtained from the three replicate
PCRs per sample were pooled, gel purified, and sequenced with the
Roche 454 platform (GS FLX þ System) at the Beijing Genomics
Institute. For this process, ITS fusion primers containing template-
specific primers, adapters, a sample-specific 10-bp MID (Multi-
plex Identifier) barcode, and a 454 key were designed for the
construction of amplicon libraries. All qualified fungal amplicon
libraries were clonally amplified using emulsion PCR.

2.4. Processing pyrosequencing data

Multiple levels of sequence processing and quality filtering were
performed using Mothur (v1.31.2) (Schloss et al., 2009). The trim.-
seqs command was used to trim the sequence when the average
quality score over a 50 bp sliding window dropped below 25. Se-
quences with homopolymers with more than eight nucleotides,
those containing ambiguous base calls, and those less than 100 bps
in length were removed. The sequences were clustered and
assigned to operational taxonomic units (OTUs) using the average
neighbor clustering algorithm implemented in Mothur, with a
threshold of 97% pairwise identity. Chimeras were identified and
removed using UCHIME (v4.2, http://drive5.com/uchime). One
representative sequence from each OTU was subjected to a BLAST
search against GenBank (http://blast.ncbi.nlm.nih.gov/Blast.cgi) for
taxonomic assignment.

2.5. Isolation and identification of seed culturable fungal
endophytes

Endophytic fungi were isolated from healthy and mature S. salsa
seeds. Surface-sterilized seeds (as described above) were dried on
sterile filter paper, and cut into two halves. A total of 70 segments
(10 segments per plates) were transferred to 2% malt extract agar
(MEA) plates containing streptomycin sulfate (50 mg l�1) and
tetracycline hydrochloride (20 mg l�1) to suppress bacterial
growth. Although some workers have used the media supple-
mented with salt for isolating endophytes from halophytes (Lucero
et al., 2011), the authors found that the recovered fungi grew
satisfactorily on the common MEA. This indicates that the endo-
phytes from halophytes are most likely halotolerant but not halo-
philic, which was also supported by previous studies (Rodriguez
et al., 2008; Maci�a-Vicente et al., 2012). Second, unlike the phyl-
loplane environments, in which salt secretion sometimes occurs on
leaves, the interior of the seed does not contain high salt content.
Third, most plates used in this isolation experiment were nearly
absent of any fungal growth so that there is no issue of halophilic
fungi being overgrown by less specialized, but faster growing fungi
on plainMEA. Therefore, we still consider that thewidely usedMEA
without additional salt is a suitable medium for isolating fungi from
halophyte seeds. After incubation for up to1 week in the dark at
20 �C, fungal hyphae developed from the tissue fragments were
transferred to fresh potato dextrose agar (PDA) for purification.

http://drive5.com/uchime
http://blast.ncbi.nlm.nih.gov/Blast.cgi
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Fungal DNA was also extracted using DNeasy Plant Mini Kit
according to the manufacturer's protocol. The internal transcribed
spacer (ITS) as a barcode for molecular identification, which was
amplified using the universal primer set ITS-1F (50-CTTGGTCAT
TTTAGAGGA AGTAA-30) and ITS4 (50- TCCTCCGCTTAT TGATATGC
-30). 50 ml of PCR mixture contained 10e50 ng of the DNA template,
50 mMof each primer, and 25 ml 2� TaqMasterMix (Cwbio, Beijing)
and nuclease-free H2O. The PCR reaction consisted of initial dena-
turation at 94 �C for 4 min followed by 35 cycles of denaturation at
94 �C for 40 s, annealing at 55 �C for 50 s and extension at 72 �C for
1 min, and final extension at 72 �C for 10 min. PCR products were
purified and Sanger-sequenced in both directions. After removing
the ambiguous bases, sequences were subjected to the BLAST
search in the UNITE (https://unite.ut.ee/) and NCBI (www.ncbi.nlm.
nih.gov/) database to obtain the top ten hits for each BLAST query.
The hits including a number of uncultured or unidentified taxa
were not considered. Given some degree of unreliability for sub-
mitted sequences (Hawksworth, 2004; Holst-Jensen et al., 2004),
authentic data from well annotated fungal materials deposited in
public culture collections were preferred.

2.6. Morphological description of the Cladosporium isolate

Morphological characteristics of the Cladosporium isolate seed4
were recorded on PDA, oatmeal agar (OA, Difco), synthetic nutrient
agar (SNA, KH2PO4 1.0 g, KNO3 1.0 g, MgSO4$7H2O 0.5 g, KCl 0.5 g,
glucose 0.2 g, sucrose 0.2 g, agar 20 g, and 1.0 l distilled water), and
MEA after14 d at 25 �C in the dark, and we chose the fungal colony
on SNA to observe the conidial development and branching pat-
terns of conidial chains (Schubert et al., 2009). Squares of trans-
parent adhesive tape were placed on conidiophores growing in the
zone between the colony margin and 2 cm inwards, and mounted
between two drops of Shear's solution (consisting of 2 g potassium
acetate, 40 ml glycerol, 60 ml 95% ethanol, 100 ml distilled water,
and 0.4 g blue ink) under a glass cover slip (Crous et al., 2009).
Conidiophores and conidia were observed with differential inter-
ference contrast (DIC) microscopy (Zeiss, Axio Scope A1).

2.7. Effects of Cladosporium cladosporioides on S. salsa seed
germination

To study the effects of Cladosporium cladosporioides on host seed
viability, we compared the germination rates of S. salsa seeds with
and without inoculation. To prepare conidia suspensions for inoc-
ulation, approximately 20 ml of sterile water was added onto the
surface of actively growing colonies. These conidia were then
spreadwith a sterile glass rod, followed by filtrationwith two layers
of gauze to remove the mycelia. The spore suspensions were then
adjusted to the desired concentrations (1 � 105 ml�1 and
1 � 106 ml�1) by counting spore density on a counting chamber. A
total of 810 seeds of high quality and uniform size were selected,
divided into three groups and then surface sterilized as described
above. Two groups of seeds were soaked in the two concentrations
of conidia suspension for 30 min, while the remaining seeds in
sterilized water were used as a control group. The seeds were then
sown in pots (11.5 cm length � 10 cm width � 6.5 cm height) at a
uniform depth in a soil substrate (saline soil: organic fertilizer:
vermiculite: perlite ¼ 4:1:1:1, autoclaved at 121 �C for 10 min) to
guarantee uniform emergence. This also created an environment
that mimics the natural soil conditions. There were three replicates
(3 pots per replicate, 30 seeds per pot) for each treatment (inocu-
lated vs. control). A total of 27 pots were randomly placed in a
growth chamber maintained at 25 �C under a 12 h photoperiod
with regular watering. Germination rates were measured, and the
growth conditions of the seedlings were recorded every day.
2.8. Investigation of the colonization pattern of C. cladosporioides
in S. salsa seedlings

To investigate the ex and in planta colonization patterns of
C. cladosporioides, we re-isolated the fungi from the belowground
(roots) and aboveground (stems and leaves) tissues of S. salsa
seedlings. The roots were washed with sterile water three times to
recover the fungi from either the rhizoplane or endosphere, and
young leaves containing stem tissues were subjected to slight
surface disinfection with HgCl2 (0.1%, v/v) for 2 min. The tissue
fragments were incubated on MEA, and purification and identifi-
cation of fungi was the same as those described above.

Scanning electron microscopy (SEM) method was employed to
further observe the fungal growth pattern in the process of seed
germination and seedling emergence in comparison to seeds that
were not inoculated with C. cladosporioides. Seeds inoculated with
conidia (1 � 105 ml�1) were transferred to 1.5% (w/v) water agar.
Embryo bud and seed coat were taken at respectively12 h, 24 h,
36 h, 48 h after the start of the experiment. The samples were first
fixed with 2.5% glutaraldehyde in 0.1 M phosphate buffer, pH 7.2, at
4 �C, and then dehydrated through a graded series of ethanol (30%,
50%, 70%, 80%, 90%, 100%), 40 min per change. Samples were dried
to a critical point by carbon dioxide with K850 critical points dryers
(Quorum/Emitech, Ashford, UK). Subsequently, the samples were
mounted on SEM conductive tapes and coated with gold (20 s,
50 mA) using an SBC-12 ion sputter coater (KYKY Technology Co.,
Beijing, China). Images were produced using a Phenom ProX
desktop scanning electronmicroscope (Phenom-World, Eindhoven,
The Netherlands) with an accelerating voltage of 5 kV.

2.9. Effects of C. cladosporioides on the growth of other plants

We further investigated whether C. cladosporioides is beneficial
for the growth of other plants. American sweetgum (Liquidambar
styraciflua) was selected for inoculation experiments because it is a
popular ornamental tree and is easily grown under controlled
laboratory conditions. Fresh seedling biomass was measured to
compare the treatment and control groups.

For inoculation, seeds were surface sterilized with 0.1% (v/v)
HgCl2 for 5 min, rinsed five times with sterilized distilled water,
sown on an autoclaved soil substrate (clay soil: organic fertilizer:
vermiculite: perlite ¼ 3:1:1:1), and then incubated in a growth
chamber at 25 �C for 20 days, with a photoperiod of 12 h light/12 h
darkness. Prior to inoculation, seedlings of uniform size were
selected. Conidia were harvested by rinsing PDA plates with sterile
saline solution (0.85% NaCl). The roots were immersed in three
spore concentrations (1� 105,1� 106, and 1� 107 ml�1) for at least
30 min. For the control groups, the roots were treated with sterile
0.85% NaCl without conidia. All seedlings were planted in pots
supplemented with the same substrate and were supplied with
conidia of the corresponding concentration near the rhizosphere
(100 ml per seedling) to ensure effective infection. Each treatment
consisted of four pots and 13 seedlings per pot. In total, 16 pots
were used and 208 seedlings were planted. The pots were main-
tained under the same environmental conditions and placed
randomly in a growth chamber. The fresh weight of the seedlings
was measured and recorded after 2 weeks.

2.10. Data accessibility and statistical analyses

All the original sff (Standard Flowgram Format) files were
deposited in the European Nucleotide Archive (ENA) under study
accession number: PRJEB8726 (www.ebi.ac.uk/ena/data/view/
PRJEB8726). R software (version 2.15.3) was used to plot the rare-
faction curve based on the indices of the observed species. To test
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for sampling effectiveness, rarefaction curves based on the result-
ing OTU tables rarefied to the lowest numbers of reads obtained for
any single sample were generated using the vegan R package.

The raw data generated from inoculation experiments were
exported to Excel, and statistical analysis was conducted by
GraphPad Prism v 6.0 (GraphPad, San Diego, CA, USA). The statis-
tical significance of the differences between the treated and control
groups was analyzed using a two sample t-test or one-way ANOVA.
3. Results

3.1. Pyrosequencing data and taxonomic classification of sequence
reads

After filtering, denoising, chimera removal, quality control, and
discarding plant-derived sequences, a total of 5492 and 9349
effective reads were obtained for the fungal ITS1 and ITS2 data sets
(Tables S2 and S3). The mean numbers of effective reads per sample
were 3699 and 4623 for ITS1 and ITS2, respectively. The average
lengths of the trimmed sequences (following the removal of
adapters, barcodes, and primers) were 190 bp (ITS1) and 150 bp
(ITS2).

Rarefaction analysis showed asymptotic or nearly asymptotic
rarefaction curves across all samples (Fig. 1A and C), suggesting that
the sequencing depth was adequate to capture the true diversity of
the fungal endophytes in the seeds. In some rare cases, the
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Fig. 1. Rarefaction analyses of S. salsa seed fungal libraries inferred from ITS1 (A) and ITS2 (C
level) in the seeds, represented by bar charts. Each curve illustrates the cumulative number
libraries are indicated by ‘1’, ‘2’ and ‘3’.
rarefaction curves failed to reach a plateau.

3.2. Endophytic fungal community and the dominant species in
S. salsa seeds

The endophytic fungal community in the seedswas of extremely
low diversity, with only a few identified genera (Fig. 1B and D). The
genera Cladosporium and Alternariawere detected in both the ITS1
and the ITS2 amplicon libraries. The ITS1F-ITS2 primer pair iden-
tified more endophytic fungal 97% OTUs than fITS7-ITS4.

The genus Cladosporium was the most common fungus in the
seeds, as inferred from both ITS1 (19 OTUs) and ITS2 (9 OTUs)
pyrosequencing data. Moreover, based on the calculation of the
mean p-distance and on a nucleotide diversity analysis, the genus
Cladosporium showed a relatively high level of infrageneric di-
versity, indicating some degree of phylogenetic redundancy at the
genus level (see more details in Figure S1). Based on BLAST anno-
tation, the highest abundance of pyrosequencing reads to the OTU
was classified as C. cladosporioides.

3.3. The culturable fungal microbiota in S. salsa seeds

Instead of a large scale of fungal isolation from seeds, in this
work, we intended to obtain the culturable isolates for a plant
inoculation test rather than comparing the species diversity with
pyrosequencing approach. A total of six isolates were recovered
0

20

40

60

80

100

R
el

at
iv

e 
ab

un
da

nc
e 

(%
)

SD1    SD2    SD3

Alternaria
Aspergillus
Candida
Cladosporium
Davidiella
Preussia
Rhodotorula
Wallemia
Unclassified
Others (<0.5%)

0

20

40

60

80

100

R
el

at
iv

e 
ab

un
da

nc
e 

(%
)

Alternaria
Cladosporium
Puccinia
Unclassified
Others (< 0.5%)

SD1     SD2   SD3

B

D

) pyrosequencing data and the relative abundance of fungal communities (at the genus
of operational taxonomic units (OTUs) at a phylogenetic distance of 0.03. The replicated



Y. Qin et al. / Fungal Ecology 24 (2016) 53e60 57
from 70 seed fragments, indicating a low frequency of colonization.
Based on simple BLAST searches of ITS sequences, their tentative
taxonomic placement was determined (Table 1). Briefly, they
belonged to three ascomycetous orders (Capnodiales, Pleosporales,
and Sordariales) and four genera (Chaetomium, Cladosporium, Lep-
tosphaeria, and Preussia). Except for Cladosporium, the remaining
three genera were not detected in pyrosequencing analysis. Since
the pyrosequencing data suggested Cladosporium as the dominant
genus, we focused on morphological description of the Cladospo-
rium sp. isolate. After 2 weeks of cultivation on SNA, the isolate was
identified as C. cladosporioides according to the long unbranched
chains with small, smooth and ovoid terminal conidia, aseptate
secondary ramoconidia as well as the macronematous and nar-
rower conidiophores (Figure S2) (Bensch et al., 2010).

3.4. Effects of C. cladosporioides on seed germination

Germination rates of seeds pre-inoculated with
C. cladosporioides were significantly increased relative to the con-
trol group (Student's two-sample t-test; for the treatment of
1� 105 conidiaml�1, t¼ 4.949, df¼ 6, P¼ 0.0026; for the treatment
of 1 � 106 conidia ml�1, t ¼ 4.869, df ¼ 6, P ¼ 0.0028) (Fig. 2AeB).
However, we observed no significant difference in the biomass and
height of the resultant seedlings between the treatment and con-
trol groups (data not shown). It can also be concluded that the high
concentration of conidia promoted seed germination after 24 h of
inoculation, especially after 4 and 5 d. A significant difference
among the two treatments was also recorded (Student's two-
sample t-test, t ¼ 2.962, df ¼ 6, P ¼ 0.0252).

Efforts were also made to re-isolate the fungi from roots, as well
as from above-ground tissues of the resultant seedlings. A total of
seven Cladosporium-like colonies were picked up and purified for
identification (Fig. 2C and D). Their ITS sequences shared 100%
similarity with the sequences of the original C. cladosporioides
isolate. This indicates that C. cladosporioides may exhibit both
endophytic and epiphytic infection of the host seedlings. SEM
analysis clearly showed that the hyphae grew rapidly and spread
across the seed coat at 12 h after inoculation. Subsequently, the
seeds became extensively colonized, and the hyphae further
proliferated on the buds, as well as on the younger emerging roots
and leaves (Fig. 3). Unfortunately, it is relatively difficult to observe
the endophytic growth of C. cladosporioides, mainly due to its fail-
ure to enter into the host at the time of sampling as well as the
disadvantage of a destructive sample preparation of this general
SEM method. The scanning electron micrographs of uninoculated
S. salsa seeds are presented in Figure S3.

3.5. C. cladosporioides colonization benefits the growth of other
plants

C. cladosporioides significantly promoted the growth of Amer-
ican sweetgum seedlings after inoculation (Student's two-sample t-
test, t ¼ 5.408, df ¼ 95, P < 0.0001) with 1 � 105 conidia ml�1

(Fig. 4). When using either low or high conidia concentrations as
Table 1
Taxonomic placement of fungal isolates obtained in this study inferred from BLAST searc

Isolate name Classification Nearest match

Seed 1 Ascomycota; Pleosporales Preussia minimoides (KJ
Seed 2 Ascomycota; Sordariales Chaetomium erectum CB
Seed 3 Ascomycota; Sordariales Chaetomium globosporu
Seed 4 Ascomycota; Capnodiales; Cladosporium cladospor
Seed 5 Ascomycota; Pleosporales Leptosphaeria sp. (KM9
Seed 6 Ascomycota; Pleosporales Leptosphaeria sp. (KM9
inocula, the total biomass of seedlings increased relative to control
groups. However, the differences failed to reach the statistical sig-
nificance, indicating that 1 � 105 conidia ml�1 was the optimum
concentration of conidia suspension for the plant growth promo-
tion effect. This data also suggests that either insufficient or
excessive fungal colonization will weaken the plant-fungal
mutualism.
4. Discussion

In this study, we employed a high-throughput DNA sequencing
strategy to reveal the assembly and structure of the endophytic
fungal microbiota in S. salsa seeds. We also investigated the seed
bacterial endophytes, but, the bacterial amplicon libraries of the
seeds showed unexpectedly high contamination of plant organelles
(mitochondria and plastids), despite the introduction of bacteria-
specific primer sets and the use of touch-down PCR (Table S4).
This may indicate a lower bacterial load inside the seeds. Although
the bacterial members are not considered in this work, their roles in
plant fitness warrant further investigation.

Our data suggest that the species richness of the seed endo-
phytic fungal community is very lowand consists of a small number
of fungal genera. Cladosporium is the predominant genus found in
seeds, based on either fungal ITS1 or ITS2 pyrosequencing data.
Several previous reports have indicated that Cladosporium spp. are
often isolated from the inner seeds of a wide range of herbaceous
plants (Ikeda et al., 2006; Lucero et al., 2011; Hodgson et al., 2014),
suggesting that Cladosporium spp. serve as the generalist endo-
phytes of seeds and exhibit low host specificity (Hodgson et al.,
2014; Parsa et al., 2016). Few studies have reported high fre-
quencies of Cladosporium spp. in seeds. In one study,
Cladosporium sphaerospermum was found to extensively colonize
seeds, cotyledons, and the true leaves of six forb species (Hodgson
et al., 2014). Furthermore, a relatively high degree of phylogenetic
redundancy, reflected by the infrageneric diversity determined by
the calculation of mean p-distance and nucleotide diversity, was
recorded in the genus Cladosporium (Fig. S1). It has long been
thought that phylogenetic redundancy creates functional redun-
dancy, which plays an important role in stabilizing microbial
communities (Shade and Handelsman, 2012). These preliminary
data further underscore the potential functions of Cladosporium
spp.

It has been reported that both the seed-associated epiphytes
and endophytes play significant roles in plant growth and health
(Ernst et al., 2003; Pitzschke, 2015; Tahtamouni et al., 2016). In the
rainy tropics, seed epiphytic fungi (Fusarium sp. and Penicillium sp.)
induced seed germination (Tamura et al., 2008). Under arid climate
and drought stress, fungi found in Opuntia streptacantha seeds may
help the host break seed dormancy and promote germination
(Delgado-S�anchez et al., 2011). Consistent with these findings, our
work showed another example of howan endophytic fungus affects
the seed germination. High colonization frequency of
C. cladosporioides and its considerable contribution to seed germi-
nation efficiency, clearly suggest that it forms a highly integrated
hes.

Max identity Accession number
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79814) 100% KU869527



Fig. 2. The beneficial effects of C. cladosporioides on S. salsa seed germination. (A) comparison of seedling emergence and growth between the control and treatment groups after 5 d
of inoculation. (B) effects of fungal inoculation on germination rate of S. salsa seeds presented as line graphs. Statistical analysis of the data was performed using the Student's t-test
to determine significant differences between treatment and control groups. Significance levels of the effects are denoted with (*) P < 0.05, (**) P < 0.01, and (***) P < 0.0001. CeD: re-
isolation of Cladosporium-like fungi from roots (C) and above-ground tissues (D); colonies indicated in yellowwere identified as C. cladosporioides by ITS sequence analysis. DAI: days
after inoculation.

Fig. 3. Scanning electron microscopy analysis of the growth and colonization pattern of C. cladosporioides on the surface of the seed coat, emerging buds and whole seedlings of
S. salsa. The hyphae proliferated on the surface of the seed coat after 12 h (A), 24 h (B), 36 h (C), and 48 h (D) of inoculation. Hyphae extended to the surface of the emerging buds
after 24 h (E) and 36 h (F) of inoculation and extensively colonized the root surface (G) and leaf surface (H) after 48 h of inoculation.
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and specialized symbiosis with the host seeds. More interestingly,
C. cladosporioides also shows potential in promoting the growth of
other plants in a concentration-dependent manner. However, the
physiological and molecular mechanisms underlying
C. cladosporioides-mediated modulation of plant phenotype are
largely unknown. We surmise that the C. cladosporioides may
secrete signaling molecules that initiate positive seed germination
responses and reprogram plant hormone signaling.

Several lines of evidence now reveal that C. cladosporioides also
prefers to colonize the leaf and seed surfaces of taxonomically



Fig. 4. Growth response of American sweetgum (Liquidambar styraciflua) seedlings to inoculation with different C. cladosporioides conidia concentrations. (A) seedlings were
inoculated with C. cladosporioides conidia (1 � 105 ml�1), while the control groups were treated with sterile water. (B) effect of three conidia concentrations (1 � 104 ml�1,
1 � 105 ml�1, and 1 � 106 ml�1) on the fresh weight of the seedlings. P values less than 0.05 were considered statistically significant.
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diverse host plant species (Mittal andWang,1987; Tokumasu,1996;
Nishikawa et al., 2006; Kharwar et al., 2010), indicating that it also
exhibits an epiphytic lifestyle (Osono, 2014; Zambell and White,
2015). More commonly, where it is found in trace endophytic
levels, it is found in higher epiphytic levels. Therefore, we asked
whether C. cladosporioideswas also present on the surface of S. salsa
seeds. Relying solely on a culture-based approach, we found that all
seeds were colonized by the Alternaria sp. (much like
Alternaria alternata) as well as very few Fusarium sp. isolates, but
Cladosporium-like colonies did not appear (Figure S4). This finding
is not surprising since Alternaria spp. are also very common in sa-
line environments or on plant surfaces (Kageyama et al., 2008;
Osono, 2014; Okane and Nakagiri, 2015). This data perhaps in-
dicates that in natural conditions, C. cladosporioides inhabiting the
S. salsa seeds would be largely via endophytic hyphal extension and
its epiphytic growth appears scarce (or even absent). We, thus,
hypothesized that infection by C. cladosporioides may primarily
arise from soil-borne but not airborne spores, as our previous
pyrosequencing analysis provided evidence that C. cladosporioides
occurred in the rhizosphere, endosphere of roots and leaves at
relatively low frequency (Yuan et al., 2016). Moreover, in late May
2016, we re-sampled the newly emerged S. salsa seedlings (seeds
will typically germinate in mid-April each year) at the same sam-
pling site, and the isolation experiment revealed that only C. cla-
dosporioides and one unidentified species occurred in roots. While
we do not know exactly whether C. cladosporioides directly comes
from the surrounding soils of S. salsa or the germinated seeds, or
both, this data may suggest that C. cladosporioides acts as a pio-
neering symbiont. We further asked whether the epiphytic Alter-
naria sp. isolate also plays a similar role in promoting seed
germination, but results clearly showed that it had no significant
effect on seed germination relative to the control group (Figure S5).
It also appears likely that the Alternaria sp. may not become the
dominant seed endophytic fungus, evidenced by its low pyrose-
quencing reads (Fig. 1) and absence in our culture collections.

However, the transmission mode of C. cladosporioides in the
S. salsa system still remains elusive. In general, seed-borne fungi
and bacteria can be both horizontally and vertically transmitted
(Saikkonen et al., 2010; Truyens et al., 2014; Hardoim et al., 2015).
Only very few fungi, such as the Epichlo€e/Neotyphodium (Clav-
icipitaceae, Ascomycota) endophytes are strictly vertically trans-
mitted via extending hyphae internally into the developing seeds
(Clay, 1987; Tadych et al., 2014). To demonstrate vertical trans-
mission experimentally, a mother plant would have to be
inoculated or shown to be inhabited by a particular fungus, and the
original fungus must be re-isolated from these plants emerging
from seeds of the mother plant. We have not yet investigated its
possibility, as currently it is difficult to generate strictly gnotobiotic
S. salsa seedlings for inoculation. In brief, what has been demon-
strated in this work is the transmission of C. cladosporioides from
heavily inoculated seeds to seedlings in artificial systems via
epiphytic growth shown in SEM images, with perhaps a low rate of
subsequent endophytic colonization inferred from the re-isolation
test. However, this does not detract from the potential positive
effects of C. cladosporioides. It may be quite effective in germination
and growth enhancement even if it is predominantly spread via
epiphytic hyphal growth. In contrast, although Alternaria sp. was
found both as an epiphyte and as an endophyte, it showed no sign
of beneficial effects on seed germination. Taken together, it seems
plausible that functional divergence has occurred among the two
ubiquitous seed-associated fungal groups despite their high niche
overlap.

Our ongoing work is addressing whether C. cladosporioides
confers salt tolerance to host and non-host plants. Although it has
been well-acknowledged that plants have readily evolved an array
of genetic and epigenetic regulatory systems to respond to abiotic
stresses such as salinity and drought, we know little about how
much of such plant phenotype is related to the seed-associated
microbiome. In conclusion, our work supports the importance of
seed-associated fungi in increasing plant fitness. Therefore, a ho-
listic understanding of spermospheremicrobiomewarrants a large-
scale investigation. The system presented is unique and can be
developed into a tool for understanding endophytic associations in
the marine or coastal environments.
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