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Summary
Bryophytes harbour microbiomes, including diverse
communities of fungi. The molecular mechanisms by
which perennial mosses interact with these fungal
partners along their senescence gradients are
unknown, yet this is an ideal system to study variation
in gene expression associated with trophic state transitions. We investigated differentially expressed
genes of fungal communities and their host Dicranum
scoparium across its naturally occurring senescence
gradient using a metatranscriptomic approach. Higher
activity of fungal nutrient-related (carbon, nitrogen,
phosphorus and sulfur) transporters and CarbohydrateActive enZyme (CAZy) genes was detected toward the
bottom, partially decomposed, layer of the moss. The
most prominent variation in the expression levels of
fungal nutrient transporters was from inorganic
nitrogen-related transporters, whereas the breakdown
of organonitrogens was detected as the most enriched
gene ontology term for the host D. scoparium, for those
transcripts having higher expression in the partially
decomposed layer. The abundance of bacterial rRNA
transcripts suggested that more living members of
Cyanobacteria are associated with the photosynthetic
layer of D. scoparium, while members of Rhizobiales are
detected throughout the gametophytes. Plant genes for
speciﬁc fungal–plant communication, including defense
responses, were differentially expressed, suggesting
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that different genetic pathways are involved in plantmicrobe crosstalk in photosynthetic tissues compared
to partially decomposed tissues.
Introduction
Plant–fungal symbiotic associations are common across different lineages of land plants. These symbioses include pathogenic, mycorrhizal and endophytic interactions (van der
Heijden et al., 2015; Peay et al., 2016; Lutzoni et al., 2018).
Mosses (phylum Bryophyta) are a major component of boreal,
alpine and arctic vegetations, and contribute signiﬁcantly to
global nutrient cycles (Brown and Bates, 1990; Turetsky,
2003; Lenton et al., 2016). Generally, mosses are observed
to lack fungal symbionts such as mycorrhizal fungi (Field
et al., 2015), but studies during the last decade have consistently reported that they host rich fungal communities (Davey
and Currah, 2006, 2007; Stenroos et al., 2010; U’Ren et al.,
2010, 2012). Despite the uncertainty about the phylogenetic
relationships among bryophytes and their afﬁliations to tracheophytes (Puttick et al., 2018), fungal interactions with early
diverging land plants could unveil ancestral genetic mechanisms associated with the origin of fungal endophytism
(Delaux et al., 2013; Ponce de León and Montesano, 2017;
Lutzoni et al., 2018). Perennial mosses can have a natural
senescence gradient that is ideal to study the functions of fungal endophytes and their life cycles. Recent advancements
in next-generation sequencing opened the possibility to decipher moss–fungus interactions through the study of metatranscriptomes from mosses in their natural habitats.
Nutrient exchanges play key roles in plant–fungal interactions. For mycorrhizae, plants serve as a carbon source for
the interacting fungi, whereas fungi provide nitrogen and
phosphorus to the plants (Bonfante and Genre, 2010). Many
nutrient transporters have been identiﬁed in these interactions, such as ammonium, urea, nitrate, amino acid, phosphate and hexose transporters (Bonfante and Genre, 2010;
Martin et al., 2010; Almario et al., 2017). Mycorrhizal fungi
also enhance the sulfur uptake of plants (Gahan and
Schmalenberger, 2014). Similar nutritional interactions have
been reported for fungal endophytes and non-mycorrhizal
fungi associated with plant roots. Studies on above-ground
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plant–fungal symbioses mainly focused on pathogenic interactions. Such studies reported various fungal transporters,
including sugar and amino acid transporters, that are
upregulated during fungal infections (O’Connell et al., 2012).
However, trophic states of fungi can be dynamic. Some
endophytic fungi can colonize also dead tissues of their host
plant species (Osono and Hirose, 2011; Chen et al., 2018).
This substrate shift might be expected to affect the activity of
these transporters. Fungal carbohydrate-active enzymes
(CAZys) play critical roles in the decomposition of plant
materials (Eastwood et al., 2011; Zhao et al., 2013; Riley
et al., 2014; Hesse et al., 2015). The genes encoding CAZys
are largely found in saprotrophic fungi but are also present in
many mycorrhizal-forming fungi, plant pathogenic fungi and
endophytic fungi (Ohm et al., 2012; Kohler et al., 2015; Wang
et al., 2015; Martino et al., 2018). Expression patterns of fungal CAZy genes when interacting with plant tissues at different levels of senescence can provide insights into the trophic
states of fungi inhabiting these tissues and their capacity to
switch between endophytism and saprotrophism. Besides
nutrient exchange, plant and fungal interactions involve speciﬁc molecular crosstalk (Zuccaro et al., 2011; Plett et al.,
2014; Liao et al., 2016; Almario et al., 2017). For example,
interactions between microbial effectors (often small secreted
proteins) and plant receptors (e.g., nucleotide-binding
leucine-rich repeats [NB-LRR]) that are part of the plant
defensive response can lead to virulence in pathogen–plant
interactions or compatible mutualistic associations (Plett
et al., 2014; Lo Presti et al., 2015; Liao et al., 2016).
Plant-associated fungal communities are shaped by
factors including plant host species, plant compartments
(e.g., leaf versus root), biogeographical areas (Rodriguez
et al., 2009; U’Ren et al., 2010, 2012; Bonito et al., 2014;
Chang et al., 2016) and other environmental factors such
as temperature, precipitation and pH (Rudgers et al.,
2014; Glassman et al., 2017; Barnes et al., 2018). However, changes in fungal communities do not always result
in changes of their functions. A study focusing on soil
fungal communities and extracellular enzyme activities
revealed that despite endemism of fungal community
composition at various sampling sites, high functional
convergences were detected (Talbot et al., 2014). On the
other hand, another study reported that functional differences were associated with shifts in fungal communities
(Walker et al., 2014). Functional transitions have not
been investigated for fungal communities colonizing a
physically connected and continuous senescence gradient. This is because plant organs at different stages of
senescence are usually separated in time and space.
The latter adds confounding effects that limit the conclusiveness of studies conducted on the great majority of
land plants. Trophic state switches between biotrophic
and saprotrophic life styles have been demonstrated in a
few root-associated endophytic fungi (Zuccaro et al.,

2011; Zhou et al., 2018). However, studies focusing on
life style transitions are still lacking for fungal endophytes
inhabiting above-ground plant tissues.
The perennial moss Dicranum scoparium has a continuous senescence gradient that includes top (photosynthetic),
middle (senescent) and bottom (decomposing) layers along
its acrocarpous gametophyte (Fig. 1). It is known to harbour a
high diversity of fungi (U’Ren et al., 2010; Davey et al., 2017;
Chen et al., 2018). These features make D. scoparium an
ideal system to study the capacity of fungi to switch function
or for a mycelium to have multiple functions simultaneously.
Our previous study (Chen et al., 2018) revealed that fungal
communities were structured according to the senescence
gradient of D. scoparium. We also found that some fungi
were active (based on their nuclear ribosomal RNA [nrRNA]
gene expression levels) (Chen et al., 2018) throughout the
three layers of the gametophytes. Here, we investigated the
functions of these fungal communities and of the moss host
D. scoparium across the same senescence gradient using
messenger RNA (mRNA). We hypothesized that 1) the activity of crucial nutrient transporters and CAZys of these fungi
changes in response to the degree of plant senescence; 2)
certain nutrient transporters have higher expression levels in
different senescence layers, reﬂecting their different ecological roles; 3) functional taxonomic groups of fungal nutrient
transporters agree with the changes in fungal communities
we detected using fungal nrRNA; and 4) plant functions
change along its senescence gradient, and the changes not
only reﬂect its physiological state but also the different fungal
groups it is interacting with in each layer. To test these
hypotheses, we investigated the metatranscriptomes of
D. scoparium in each of these three main layers from specimens collected in their natural habitats, and searched for
functional genes that are likely related to fungal–plant nutrient
exchanges: carbon, nitrogen (subdivided into organic nitrogen [amino acids] and inorganic nitrogen), phosphorus and
sulfur. We prepared a transcriptome reference data set from
an axenic D. scoparium culture to enable us to extract molecular data belonging to the moss from the complex environmental metatranscriptomes. Because of their integral
importance in plant–fungal symbiotic systems, we also investigated bacterial communities based on their nrRNA for a
more comprehensive understanding of holobiont interactions.

Results
Taxonomic transcripts binning of environmental D.
scoparium metatranscriptomes
A wide range of microorganisms and a complex metatranscriptome were revealed through the binning process of
2,243,417 assembled transcripts from environmental samples
of D. scoparium. The percentage of reads mapping to plants
(mean mapping percentage: top layer 57.6%  5.5%, middle
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Fig. 1. Fungal nutrient transporter gene expression from metatranscriptomic data across three layers (top, middle, bottom [t, m, b]) of the senescence gradient of Dicranum scoparium for three replicates (t1, m1, b1; t2, m2, b2; t3, m3, b3).
A. Nutrient-type Fragments Per Kilobase of transcript per Million mapped reads (FPKM) sums.
B. Nutrient-type FPKM ratios.
C. Taxon FPKM sums based on nutrient transporter gene expression levels.
D. Taxon FPKM ratios based on nutrient transporter gene expression levels.

layer 46.2%  11.8%, bottom layer 22.9%  6.5%) was
always the highest compared to the percentage of reads
mapped to other taxonomic categories, except from the bottom
layer of the third replicate (b3 in Supporting Information
Fig. S2). The percentage of reads that mapped to fungi
showed a consistent increase toward the bottom layer (mean
mapping percentage: top layer 8.9%  1.0%, middle layer
11.9%  2.3%, bottom layer 16.1%  5.2%) of the gametophytes, that is, across the three replicates, contrary to
D. scoparium read percentages that decreased from the top to
the bottom layer. Overall, the binning process revealed a high
diversity of organisms putatively associated with D. scoparium,
but as expected the host plant itself is the main active organism. The expression of fungal nutrient transporter and CAZy

genes in the top layer demonstrated the least degree of variation among replicates compared to the middle and bottom
layers (Supporting Information Fig. S3A and B), whereas the
contrary was observed for the overall gene expression of
plants, where the greatest inter-replicate variation in gene
expression was observed in the top layer compared to the
other two layers (Supporting Information Fig. S3C).

Functional transition of fungal nutrient transporters along
a senescence gradient
Our workﬂow detected 3112 fungal nutrient transporter
genes (amino acids [organic nitrogen] = 1247, carbon = 1230,
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Table 1. Numbers of signiﬁcantly differentially expressed genes
based on the Fungal Nutrient Transporter Database (FNTD) and the
Axenic Dicranum scoparium Transcriptome Database (ADTD) references (FDR < 0.05).
Top
upregulated
Ref.: FNTD
Top versus
bottom
Middle versus
bottom
Top versus
middle
Ref.: ADTD
Top versus
bottom
Middle versus
bottom
Top versus
middle

Middle
upregulated

Bottom
upregulated

19

NA

155

NA

0

2

1

5

NA

1724

NA

545

NA

314

182

1202

261

NA

inorganic nitrogen = 161, phosphorus = 350 and sulfur = 124;
for annotations, see Supporting Information Tables S3–S7).
Overall bigger differences were observed among top versus
bottom layers compared to top versus middle or middle versus bottom layers. The middle layer expression levels were
often intermediary, and therefore, were often not signiﬁcantly
distinguishable from the top or bottom layers (Supporting
Information Fig. S3A; Table 1). These transporters are
distributed across the fungal tree of life (Ascomycota, Basidiomycota,
Chytridiomycota,
Mucoromycotina,
Glomeromycotina and unclassiﬁed taxa, i.e., assigned to fungal
taxa with uncertain taxonomic placements) (Supporting Information Fig. S4). All ﬁve categories of fungal nutrient transporters are more highly expressed toward the bottom layer
(Fig. 1A). Besides this overall trend, the most signiﬁcant proportional increase was detected for inorganic nitrogen transporter genes (Fig. 1B, Welch’s two-sample t test between the
top and bottom layers: t statistics = −3.13, P value = 0.04).
Although amino acid (organic nitrogen) transporters proportionally increased toward the bottom layer, this trend is not
signiﬁcant (Fig. 1B; Supporting Information Table S8, Welch’s
two-sample t test between the top and bottom layers: t statistics = −1.73, P value = 0.18). Based on a Differential Gene
Expression (DGE) test, all individual inorganic nitrogenrelated and sulfate-related transporter genes detected to be
signiﬁcantly differentially expressed (FDR < 0.05, absolute
log2 fold change > 2) had higher expressions in the bottom
layer. The same was true for most of the signiﬁcantly differentially expressed carbon-, amino-acid- and phosphorus-related
transporter genes; however, some had higher expression in
the top layer of the moss (Fig. 2A).
Of the 161 inorganic nitrogen transporter genes detected in
this study, only ﬁve were nitrate/nitrite transporters, the rest
being ammonium transporters. Contrary to ammonium transporter genes and most nutrient genes, all nitrate/nitrite

transporters (CrnA/NrtA) were more expressed (although not
signiﬁcantly, FDR > 0.05) in the top layer of D. scoparium
(Fig. 2B). The phylogenetic analysis of ammonium transporters revealed that all ammonium transporters detected here
belong to the clade MEPγ (Supporting Information Fig. S5).
Taxonomic transition of fungal nutrient transporters along
a senescence gradient
The sums of Fragments Per Kilobase of transcript per Million
mapped reads (FPKM) showed that fungal activity of the two
dominant phyla (Ascomycota and Basidiomycota) increased
toward the bottom layer of the gametophytes, especially for
Basidiomycota (Fig. 1C). When the proportional activities
were examined, Ascomycota contributed the most compared
to other phyla/subphyla in the top layer but its relative activity
decreased in the middle and bottom layers (Fig. 1D;
Supporting Information Table S9). Nearly all 19 upregulated
nutrient transporter genes with signiﬁcantly higher expression
levels in the top layer belonged to Ascomycota (with the
exception of three genes from Basidiomycota; Fig. 2A). The
genes that were signiﬁcantly more expressed in the bottom
layer belong to several phyla and subphyla, including
Ascomycota, Basidiomycota, Mucoromycotina, Glomeromycotina and Chytridiomycota (Fig. 2A).
Fungal CAZy activity along the senescence gradient
A total of 2447 fungal CAZy genes (Supporting Information
Table S10) were identiﬁed. The overall fungal CAZy gene
expression increases toward the bottom layer of the gametophytes (Fig. 3A). The taxonomic compositions of the active
CAZy genes change across the layers, showing Basidiomycota being proportionally more active in the bottom layer
of the gametophytes (Fig. 3B; Supporting Information
Table S11). Of the top 30 expressed CAZy genes across the
gametophytes, all of them were more active in the bottom or
middle layer (Fig. 3). Nearly all top 30 CAZy genes are found
in genomes of Basidiomycota (except for four in Ascomycota).
Diverse active bacterial communities across D.
scoparium senescence gradient
Many nitrogen ﬁxers were detected in D. scoparium samples
(Fig. 4; Supporting Information Table S12). The percentages
of reads belonging to the phylum Cyanobacteria (Nostocales,
Oscillatoriales and Synechococcales) are higher in the top
layer (Fig. 4) (31.4%  14.7%) compared to the bottom layer
(1.4%  1.3%) (ANOVA test: F statistics = 10.8, P value = 0.01;
Tukey’s HSD: top versus bottom P value = 0.01). The heterocystous cyanobacteria Cylindrospermum and Nostoc were
the main contributors to this trend (Supporting Information
Table S12). Reads from members of the Rhizobiales are consistent across the senescence gradient of D. scoparium
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Fig. 2. Expression levels of fungal nutrient-related transporters differentially expressed between the top and bottom layer of the
moss Dicranum scoparium.
A. Amino acid (organic nitrogen), carbon, inorganic nitrogen, phosphorus and sulfur transporters (FDR < 0.05, Log2 fold change > 2).
B. Nitrate/nitrite transporters.
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Fig. 3. Expression levels and taxonomic afﬁliations of fungal Carbohydrate-Active enZymes (CAZy).
A. Categories of fungal CAZy Fragments Per Kilobase of transcript per Million mapped reads (FPKM) sums across layers and replicates of the
moss Dicranum scoparium.
B. Taxonomic afﬁnities of fungal CAZy FPKM ratios across layers and replicates.
C. Top 30 ranked CAZy genes of fungi associated with Dicranum scoparium. The y-axes correspond to the mean ratios of reads mapped to the
individual CAZy gene of the three replicates. Colours in the bars of this histogram refer to speciﬁc layer fractions as shown in panel B, that is,
pale green, top; dark green, middle; and brown, bottom layer. AA, auxiliary activities; CBM, carbohydrate-binding module; CE, carbohydrate
esterases; GH, glycoside hydrolases; GT, glycosyl transferases; PL, polysaccharide lyases.

(ANOVA test: F statistics = 3.02, P value = 0.12, Tukey’s
HSD: top versus bottom P value = 0.21).
Differentially expressed moss genes along a
senescence gradient
We examined the differentially expressed genes of
D. scoparium across its senescence gradient to conﬁrm that

our sampling scheme captured the different physiological
states of this plant. Overall, the expression level of the host
plant in the middle layer was more similar to the bottom layer
(Supporting Information Fig. S3C; Table 1). We detected
2269 signiﬁcantly differentially expressed moss genes
between the top and bottom layers (Table 1). When we
searched for defense/symbiosis-related genes that are likely
to be relevant to inter-species interactions, we recovered
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Fig. 4. Bacterial communities at the order level across the senescence gradient of Dicranum scoparium for three replicates. The ratios were calculated based on reads mapped to the 16S gene of individual metatranscriptome.

many microbe–plant recognition (leucine-rich repeat receptors, lectin receptors, chitin elicitor receptors) and defense
response genes (aldehyde oxidases, monooxygenases,
lipoxygenases) (Fig. 5) (FDR < 0.01, Supporting Information
Tables S13 and S14). However, some common transcripts
(i.e., DESeq2 expression base mean > 500, log2 fold change
< 2, FDR > 0.05) related to LRR/defense/symbiosis were consistently transcribed across layers, suggesting that a similar
baseline interaction might be maintained throughout the
gametophytes (Supporting Information Fig. S6). Genes with
higher transcription levels (P value < 0.01) in the top layer
were mostly related to intra-species functions such as growth
and primary metabolism, such as photosynthesis, chloroplast,
transport, membrane and cell wall development (Supporting
Information Table S15). Fewer genes with GO terms were
enriched for the bottom layer, but many were related to catabolic processes (Supporting Information Fig. S7 and
Table S16). The most enriched moss GO term in the bottom
layer is associated with “organonitrogen compound catabolic
process”.

Discussion
Fungal nutrient-related transporters across the
senescence gradient of D. scoparium
The overall higher abundance of fungal nutrient-related
transporters (Fig. 1 and Table 1) is characterized by higher
fungal activities toward the bottom layer of D. scoparium
(Chen et al., 2018) and higher fungal biomass in the bottom
layer of this moss (Davey et al., 2012, 2013). Most of the

transporters signiﬁcantly upregulated in the top layer were
from fungi in the classes Leotiomycetes and Eurotiomycetes,
which is in agreement with our previous ﬁnding that these
two fungal classes have high activities (using nrRNA transcripts as a proxy) in the top layer of D. scoparium (Chen
et al., 2018).
The myo-inositol transporter is among the few fungal nutrient transporters that were only signiﬁcantly expressed
(FDR < 0.05, absolute log2 fold change > 2) in the photosynthetic layer of D. scoparium (Fig. 2). The acquisition of myoinositol has been shown to be relevant to ectomycorrhizal
mutualism (Ceccaroli et al., 2010). Also, inositol has been
shown to be related to virulence in certain animal pathogenic
fungi such as Cryptococcus (Xue, 2012) but not in Candida
(Chen et al., 2008). These previous studies suggested that
inositol has diverse functions in different fungi and that its role
in moss–fungus interactions is not well understood. We
detected multiple lactose permeases representing an array of
fungal taxa including Pezizomycetes and Orbiliomycetes
(Fig. 2). Previous studies detected higher expression of lactose permease in tuber–ectomycorrhizal (ECM) roots
(Ceccaroli et al., 2010) compared to free living mycelia. Our
previous work identiﬁed several ECM fungi (e.g., Russula
and Lactarius) associated with the bottom layer of
D. scoparium (Chen et al., 2018). Carleton and Read (1991)
reported nutrient transfers from mosses to trees through
ECM fungi. Perhaps a similar interaction of ECM–moss rhizoids with ECM–tree roots is involved here.
Genes of phosphate transporters detected to be signiﬁcantly more expressed (FDR < 0.05, absolute log2 fold
change >2) in the bottom layer, compared to the top layer,
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Fig. 5. Dicranum scoparium defense/
symbiosis-related genes detected as highly
differentially expressed when comparing
top and bottom layers (FDR < 0.01). ROS,
reactive oxygen species; SA, salicylic acid;
ABA, abscisic acid; JA, jasmonic acid; ET,
ethylene.

belong to multiple phyla/subphyla (Fig. 2) and shared high
sequence and domain structure similarity with known phosphate transporters (Pho88, Pho84, Pho5) involved in root–

mycorrhiza (Xie et al., 2016) and root–endophyte (Almario
et al., 2017) phosphate translocation. We cannot rule out
the possibility that the phosphates transported by these
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fungi are for their own usage instead of being for the plant
host. Surprisingly, three fungal phosphate transporters were
more expressed in the top layer of this moss (Fig. 2). The
3D protein structure analysis (Yang et al., 2015) conﬁrmed
that these three proteins also have the ability to transport
glucose and maltose, which are substrates more likely to be
taken up by biotrophic fungi in the upper layer of a moss.
Future research to understand phosphate transfer in moss–
fungal associations will be critical to better understand
bryophyte–fungal symbioses and above-ground fungal endophytism in general.
Sulfate transporters produced by Basidiomycota fungi
were signiﬁcantly more expressed in the bottom layer
(FDR < 0.05, absolute log2 fold change > 2), suggesting
their roles in mobilizing inorganic sulfur (Gahan and
Schmalenberger, 2014). Most sulfur in plants occurs in the
form of sulfur-containing amino acids, whereas soils are
more rich in inorganic sulfur (sulfates mostly) (Giovanelli,
1987; Linder, 2012). The bottom layer of acrocarpous
mosses has a much closer connection to the soil, and the
mycelium (particularly of basidiomycetes) likely spans
both soil and plant material, meaning that the differential
expression of these transporters may be a reﬂection of the
sulfur source available to the fungus.
Amino acids can be an organic source for mainly nitrogen and also for sulfur and carbon. Biotrophic fungi interacting with living plants can uptake amino acids from their
host plant (Hall and Williams, 2000; Struck, 2015). Two
fungal proline transporter genes were detected to have
signiﬁcantly higher expression in the top layer, while the
other eight were expressed more in the bottom layer
(FDR < 0.05, absolute log2 fold change > 2) (Fig. 2). Proline content increases when plants are stressed (Verslues
and Sharma, 2010) and during the natural dehydration/
hydration cycle of mosses (Liu et al., 2016). It might be
readily available for fungal members of Ascomycota
(mostly Leotiomycetes/Eurotiomycetes) and also in the
bottom layer by members of Basidiomycota (mostly
Agaricomycetes) (Fig. 2). Several sulphur-containing
amino acid transporters (cysteine, methionine and glutathione) (Fig. 2) were also detected to be signiﬁcantly more
expressed (FDR < 0.05, absolute log2 fold change > 2) in
the bottom layer (Giovanelli, 1987). The direction of the
translocation of these amino acids (from fungi to plants or
vice versa) remains to be determined.
Ammonium versus nitrate transport by fungi
An increase in fungal inorganic nitrogen-related transporter
activity was detected toward the bottom layer of D. scoparium
(Fig. 1), which is in accordance with the degree of decomposition of moss tissues. Our observation that all fungal nitrate
transporters were more active in the photosynthetic top layer
compared to most of the ammonium transporters, which

were more highly expressed in the bottom layer (Fig. 2), suggest a different nitrogen source utilization strategy by mossassociated fungi. The main sources of inorganic nitrogen for
fungi in the bottom layer are from soil, including the decomposing litter, whereas atmospheric deposition is likely
the main source of nitrogen for fungi in the top layer of
mosses. Sparks et al. (2007) and the public atmospheric
monitoring database (Ambient Air Concentrations, CASTNET,
United States Environmental Protection Agency, 2012)
reported that the nitrogen deposition in Duke Forest is a
mixture of nitrate and ammonium. Therefore, both are available to fungi in the top layer of mosses. Ammonium, as
opposed to nitrate, has been shown to be the preferred inorganic nitrogen source for most fungi (Finlay et al., 1992;
Keller, 1996; Zhou et al., 2002) and for several moss species (Liu et al., 2013). Therefore, potential competition for
ammonium between the moss and fungi may occur in the
photosynthetic portions of the moss. Under such competition, nitrate may become the most accessible inorganic
nitrogen source for fungi, resulting in the higher observed
expression of fungal nitrate in the top layer of the moss.
Low nitriﬁcation rates beneath moss mats have been
observed (Sedia and Ehrenfeld, 2005), which is indicative
of the limited nitrate availability for fungi associated with the
bottom part of mosses and further supported the low
expression level of fungal nitrate transporters in the bottom
part of the mosses. Moreover, the “organonitrogen compound catabolic process” was detected as the most
enriched GO term in the bottom layer of D. scoparium
(Supporting Information Table S16). The overall increase of
ammonium transporter activity in the bottom layer could be
attributed to a high ammonium and low nitrate content
beneath moss mats (Sedia and Ehrenfeld, 2005), high fungal activities in the lower layers (Davey et al., 2013; Chen
et al., 2018), combined with a fungal preference for
ammonium as an inorganic nitrogen source, and reduced
competition with plants for the available ammonium at this
location. MEPγ genes detected here represent one type of
ammonium transporter genes, which have been reported
across the fungal tree of life (McDonald et al., 2012). The
other type of ammonium transporter, MEPα, has only been
found in lichen-forming fungi, so far. Despite occasional
reports of lichen-forming fungi in the moss mycobiome
(Davey et al., 2013; Chen et al., 2018), MEPα genes were
not detected here, either because of low abundance of
lichens in the community or because the MEPα genes are
expressed at levels below the detection limit of this
experiment.
Ammonium versus nitrate availability could also be linked
to localized microbial communities. In our study, the nitrifying
bacteria Nitrosomonas spp. were exclusively detected in the
top two layers (Supporting Information Table S12) of
D. scoparium and might provide nitrates to the healthy photosynthetic tissues of this moss and its associated fungal
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community. Denitriﬁcation could also affect the relative
ammonium and nitrate availability in this system. However,
denitrifying bacteria are distributed across multiple phylogenetic groups and their denitriﬁcation capacity varies greatly
even among closely related species (Jones et al., 2008;
Falcão Salles et al., 2012), thus hindering valid measurement
of their abundance in this study. Studies such as experiments
involving nitrogen resources manipulation are needed to
understand the nitriﬁcation activities in this focal system
(Flores-Mireles et al., 2007; Falcão Salles et al., 2012). The
two major nitrogen-ﬁxing bacteria lineages, that is, Cyanobacteria and members of Rhizobiales, were both detected
(Fig. 4). Members of the Nostocales (more speciﬁcally
Cylindrospermum and Nostoc) were proportionately more
abundant in the top layer than in the lower two layers (Fig. 4).
Although the mechanisms for N transfer from these N-ﬁxing
bacteria to mosses (Warshan et al., 2017) remain to be fully
characterized, fungi might take advantage of the moss–
bacteria association to obtain nitrogen. Fungi–bacteria–moss
interactions appear to be complex and might involve other
organisms, such as arthropod and algae that also inhabit
mosses (Andrew et al., 2003; Knapp and Lowe, 2009; Feng
et al., 2016). To disentangle these interactions, investigations
combining microscopic observations, nutrient tracing and differential gene expression analyses in a simpliﬁed in vitro
resynthesis system are needed.
Differential gene expression of fungal CAZy along the
senescence gradient of Dicranum scoparium
Overall, CAZy genes were expressed more toward the bottom layer of D. scoparium gametophytes, which is in agreement with previous studies showing higher fungal nrRNA
activity (Chen et al., 2018) and fungal biomass (Davey
et al., 2012, 2013) in the bottom, decomposing, layer of
moss gametophytes. Most fungi colonizing this bottom,
partly decomposed, layer are expected to be saprophytic
and use CAZy genes to actively contribute to the decomposition process. The nutrients released from the degradation
of that bottom layer can be up taken by the local fungal
community through various nutrient transporters. Of the top
30 expressed CAZy genes across the gametophytes, eight
were classiﬁed as Auxiliary Activity family 2 (AA2), which
contains class II lignin-modifying peroxidase (Cherry et al.,
1999). Mosses do not make wood or lignin. However, they
are known to have lignin-like polymers (Roberts et al.,
2012). Multiple genes of Glycoside Hydrolases (GH7 and
GH16) targeting the compounds of mosses’ cell wall (pectin, cellulose and cross-linked glycan) (Roberts et al., 2012)
were detected among the most highly expressed CAZy
genes throughout the moss (Fig. 3). Because mycorrhizal
interactions with mosses have not been observed (Davey
and Currah, 2006; Field et al., 2015), it is unlikely that fungi
associated with mosses transfer a fraction of these

nutrients resulting from decomposition to the moss host
using nutrient transporters. An alternative hypothesis is that
some of the fungi that absorb nutrients released by the cellular breakdown of D. scoparium transfer part of these nutrients to nearby trees with which they form a mycorrhizal
association (Carleton and Read, 1991). To test the latter
hypothesis, isotope tracing of nutrient ﬂow is required.
The taxonomic classiﬁcation of fungal nutrient transporter and CAZy RNA revealed increase proportions of
Basidiomycota toward the bottom layer of gametophytes,
which is concordant with the results based on nrRNA data
(Chen et al., 2018). The healthy photosynthetic (top) portion
of gametophytes are dominated by ascomycetes, especially
members of Pezizomycotina (U’Ren et al., 2010; Davey
et al., 2012, 2017; Chen et al., 2018). This might suggest
that basidiomycetes are better adapted to colonize senescent/decomposing tissues of plants, where they can successfully compete with ascomycetes as decomposers of
the soil litter (Voříšková and Baldrian, 2013). However,
Ascomycota contribute considerably to biological activities
in the lower portions of D. scoparium gametophytes,
suggesting that many Ascomycota fungi are adapted to both
photosynthetic and senescing moss tissues, potentially with
dual functions as biotrophs and saprotrophs. Based on
nrRNA, Chen et al. (2018) reported several cases of what
appears to be the same fungal species living in all three
layers of D. scoparium. Whether this dual trophic capability
can be activated within a single strain or not, will require
well-designed in vitro moss–fungus resynthesis experiments. An alternative hypothesis would consist of certain
degrees of community turnover along this senescence gradient (Davey et al., 2017; Chen et al., 2018) where endophytic
fungi in the top layer are replaced by different, saprotrophic,
strains in the bottom layer.
Differential gene expression of D. scoparium across its
senescence gradient
Mosses being one of the early diverging embryophyte lineages, a better understanding of fungi–mosses interactions
has important implications on their respective evolutions
(Field et al., 2015; Lutzoni et al., 2018). Our previous study
revealed that moss-associated fungal communities are structured according to the senescence gradient of D. scoparium
(Chen et al., 2018). Here we detected differential suites of
genetic responses from the moss host (Fig. 5). Genes that
are involved in plant hormone pathways of plant defense,
such as jasmonic acid (JA), salicylic acid (SA), ethylene
(ET) and abscisic acid (ABA), mostly had a higher expression in the top layer (Fig. 5). Genes for ROS (reactive oxidation species) production and structure reinforcement (e.g.,
callose synthase and deposition) were also more highly
expressed in the top layer of the moss gametophytes (Fig. 5).
Genes related to apoptosis of moss cells were detected in
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both the top and bottom layers of gametophytes. Studies on
the model moss Physcomitrella patens revealed that several
defensive mechanisms are shared between mosses and
other land plants (Bressendorff et al., 2016; Ponce de León
and Montesano, 2017), such as a functional CERK1 gene
and genes related to Systemic Acquired Resistance (SAR)
and ROS. Another study demonstrated that P. patens
releases peroxidases quickly to repel fungal invaders
(Lehtonen et al., 2009). Overall, this suggests that mosses
utilize similar defensive mechanisms as other land plants.
Several plant genes related to nodulation formation were
more expressed in the top layer of the moss and might be
related to the Rhizobiales detected throughout the moss
gametophytes (Fig. 4). Rhizobiales have been reported
from various moss species and play important roles
in peatland nitrogen ﬁxation (Liu et al., 2014; Leppänen
et al., 2015). The genetic mechanisms underlying moss–
Rhizobiales interactions remain poorly known. Although
we were able to extract reads belonging to the bacterial
rRNA from our metatranscriptomic data, the transcripts of
functional genes of prokaryotes were effectively removed
during the poly-A enrichment mRNA library preparation
step. Therefore, we are uncertain about the microbial
source of the signal for plant genes involved with nodulation formation. Plant–arbuscular mycorrhizae share similar
genetic components with plant–Rhizobiales symbioses
(Delaux et al., 2013). However, arbuscular mycorrhizal
fungi were detected at very low levels in our samples
(Chen et al., 2018).

Experimental procedures
Environmental samples and metatranscriptome
sequencing of Dicranum scoparium
Total RNA was extracted from three layers representing different senescence stages of Dicranum scoparium (Fig. 1,
Supporting Information Fig. S1A; for more information see
Chen et al., 2018). For each layer, three replicates representing three microsites (10 m apart) were obtained for a
total of nine samples for transcriptomic analyses. Each of
the nine samples included approximately 20 moss stems.
The sampling localities were in Duke Forest with mixed
pine and deciduous trees (NC, USA, 36.010830 N,
78.967864 W). The sampling was conducted in the winter
(January 2014) to maximize the detection of core community activities and minimize the chances of detecting random community assemblies that are likely to be present
during hot and humid summers in Durham, North Carolina.
Libraries for Illumina HiSeq sequencing were prepared
using TruSeq mRNA stranded kits and were sequenced
with the Illumina HiSeq 2000/2500 platform with 100 bp
paired-end in one lane; for the sequencing quality, ﬁltering
and trimming criteria, see Chen et al. (2018). The raw

reads of these nine samples are deposited in the Sequence
Read Archive of NCBI GenBank (SRA accession number:
PRJNA499105).
Metatranscriptome assembly and binning
Trimmomatic (Bolger et al., 2014) was used to trim adaptors and to remove poor quality reads from the environmental samples of D. scoparium. SortMeRNA (Kopylova
et al., 2012) was used to remove eukaryotic and prokaryotic ribosomal RNAs. The remaining reads (mostly mRNA)
were assembled with Trinity (Haas et al., 2013) for each
individual sample. The longest sequences of each component were pooled, clustered with 98% similarity using CDHIT (Li and Godzik, 2006), and the longest sequences of
each 98% contig were kept as representative sequences
(Supporting Information Method S1). The representative
sequences were searched against the UniProt database
(accessed in 2014) (The UniProt, 2015) using the BLASTX
(Camacho et al., 2009) function, and only the top hits
(E < 1e-6) were kept. The Organism Category information associated with the UniProt top hits was used to
assign assembled transcripts into 11 categories (fungi,
plants, human, invertebrates, vertebrates, Archaea,
viruses, rodents, unclassiﬁed/no hits, Bacteria, mammals). The read mapping ratios were summarized with
multiqc (Ewels et al., 2016). Those transcripts with top
hits as fungi were used for further analyses. All assembled transcripts are referred to as ‘genes’ in this article.
Sequences of the assembled transcripts were deposited
in the MG-RAST public server (accession: mgs699952)
(Meyer, 2008).
Fungal Nutrient Transporters (amino acids [organic
nitrogen], carbon, inorganic nitrogen, phosphorus and
sulfur) Database (FNTD) and Fungal CAZy Database
(FCD) construction
Assembled transcripts having top hits to fungi from the previous step were subjected to BLASTX using a customized
data set of NCBI fungal nutrient-related sequences (for search keywords, see Supporting Information Method S2).
Transcripts with E values < 1e-6 were kept. The E-value cutoff was selected based on previous studies (Hesse et al.,
2015; Quandt et al., 2015; Comtet-Marre et al., 2017; Meiser
et al., 2017; Gonzalez et al., 2018) and after manual examination of a subset of sequences and their BLASTX results.
To gain more taxonomic information and to conﬁrm that the
selected transcripts really belong to fungi, transcripts were
ﬁrst translated into proteins with Transdecoder (Haas et al.,
2013) and an additional round of BLASTP against the NCBI
Non-Redundant (NR) protein database was performed, saving the top ﬁve hits. MEGAN (Huson et al., 2007) was used
to summarize the taxonomic afﬁliation of each transcript to
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assure they belong to the fungal kingdom and to determine
their phylum association (Supporting Information Fig. S1B).
The Trinotate pipeline (Haas et al., 2013), which integrates
multiple annotation tools (BLASTX, BLASTP, UniProt, pfam)
(Camacho et al., 2009; The UniProt, 2015; Finn et al.,
2016), was used to generate annotation reports for transcripts belonging to fungi. All transcripts annotated as ‘transporter’ and ‘transmembrane’ were extracted and assigned
to ﬁve nutrient categories (amino acids [organic nitrogen],
carbon, inorganic nitrogen, phosphorus and sulfur) when
applicable (for key words, see Supporting Information
Methods S2). When these annotations included Major Facilitator Superfamily (MFS) genes, the sequences were annotated manually to determine whether they were associated
with any of our ﬁve selected nutrient types. If not, the
sequences were discarded from the FNTD database
(Supporting Information Fig. S1B). The Fungal CAZy Database (FCD) workﬂow was similar to the FNTD workﬂow,
except for the BLASTX search that was from dbCAN (http://
csbl.bmb.uga.edu/dbCAN/download.php) (Supporting Information Fig. S1C).

Axenic Dicranum scoparium Transcriptome Database
(ADTD) construction
Axenic cultures of Dicranum scoparium were prepared
from spores in enclosed capsules (collected at Telico
Plains, TN, on July 7, 2009, ID: HBK013) that were surface
sterilized with 10% sodium hypochlorite for 30 s (Vujicic
et al., 2009). The moss was grown using Murashige and
Skoog media (Murashige and Skoog, 1962) with 1.5%
sucrose (Vujicic et al., 2009) in Magna jars (Supporting
Information Fig. 1D) for 3.5 months prior to RNA extraction. To conﬁrm that the D. scoparium axenic culture prepared from a Tennessee population is closely related to
the ﬁeld collected D. scoparium from Duke Forest, North
Carolina, sequences of two plant barcoding genes, the
large subunit of the ribulose-bisphosphate carboxylase
gene (rbcL) and the Internal Transcribed Spacer (ITS)
region of ribosomal RNA (Qiu et al., 2006; Lang and
Stech, 2014) were extracted from our transcriptomic data.
The rbcL and ITS sequences from the two D. scoparium
populations (accession number rbcL: MK463856 [Duke
Forest], MK463855 [Tennessee]; ITS: MK457127 [Duke
Forest], MK457126 [Tennessee]) were conﬁrmed to be
identical, validating the use of axenic culture transcriptome
generated from the Tennessee population as reference
for the analysis. To conﬁrm that the moss culture was free
of fungi, PCR with a universal fungal rRNA primer pair
ITS1F and LR3 (U’Ren, 2011) was performed, followed
by gel electrophoresis examination. RNAseq library preparation was done with the Illumina mRNA-stranded
RNAseq kit. Sequencing was performed with Illumina
HiSeq4000 (150 bp paired-end) at the Duke Genomic and

Computational Biology facility. Quality ﬁltering and assembly were the same as described above. The annotation
was performed using the Trinotate pipeline (Haas et al.,
2013). For scripts and details of workﬂow, see Supporting
Information Method S1 and Fig. S1D. For quality and
rRNA removal report, see Supporting Information
Table S1. The annotations of differentially expressed
genes were searched for key words related to plant
defense/symbiosis (for key words, see Supporting Information Methods S3).
DGE test
RNAseq reads from the sampled D. scoparium gametophytes were mapped to FNTD, FCD and ADTD separately
(Supporting Information Fig. S1) with Bowtie2 (Langmead
and Salzberg, 2012). The read mapping reports were generated with Idxtat in Samtool (Li et al., 2009). The Wald test
was implemented using the DEseq2 package (Love et al.,
2014). Gene Ontology (GO) enrichment analyses for differentially expressed gene sets were performed in GoSeq
(Young et al., 2010).
Phylogenetic analyses of ammonium transporters
We conducted phylogenetic analyses to determine the relationships of the fungal ammonium transporters detected
here to the known ammonium transporter/methylammonium
permease/Rhesus factor (AMT/MEP/Rh) gene family. We
aligned sequences detected in this study with a published
alignment containing 513 reference sequences from different
kingdoms (McDonald et al., 2012). Nine fungal ammonium
transporters were downloaded from NCBI and added to the
alignment (Supporting Information Table S2). All sequences
were ﬁrst aligned with MAFFT (Katoh and Standley, 2013)
and then manually checked using Aliview (Larsson, 2014). A
total of 1020 characters and 662 sequences were included.
Phylogenies were inferred with maximum likelihood as an
optimality criterion using RAxML-HPC2 v8.2.10 (Stamatakis,
2014) available on the CIPRES portal (Miller et al., 2010).
The substitution model and partition scheme were determined using the program PartitionFinder (Lanfear et al.,
2012) prior to phylogeny reconstruction. The GTRGAMMA
substitution model was selected, and partitions were set for
each codon position. Rapid bootstrap search of 1000 replicates was conducted. For graph preparation, Figtree (http://
tree.bio.ed.ac.uk/software/ﬁgtree/) and ggtree (Yu et al.,
2017) were used.
Assessment of active bacterial communities of Dicranum
scoparium
Short reads of the environmental D. scoparium metatranscriptomes were mapped against the SILVA 16s rRNA
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reference (accessed on Nov. 2014) (Quast et al., 2013)
using Bowtie2 (Langmead and Salzberg, 2012). The forward and reverse 16S reads belonging to bacteria were
then merged with USEARCH (Edgar, 2013). The merged
reads were megaBLASTed against NCBI GenBank, and
the results were summarized with MEGAN using the lowest common ancestor assigning algorithm (Huson et al.,
2007). All reads mapped to the chloroplast and mitochondria genomes were discarded.
Conclusion
Fungal nutrient-related transporters and CAZys examined
here were most highly expressed in the bottom layer of
the gametophytes. For nitrogen-related fungal transporters, this trend was driven by ammonium transporters,
which we further identiﬁed phylogenetically as MEPγ
genes. Fungal nitrate transporters, however, were more
highly expressed in the top layer, suggesting differential
inorganic nitrogen (Fellbaum et al., 2012) utilizations for
fungi in the top layer versus the bottom layer. We found
that Basidiomycota are metabolically more active toward
the bottom layers, mainly as decomposers, which is in
agreement with our previous observation based on
nrRNA data (Chen et al., 2018). Ascomycota are metabolically more active than Basidiomycota in the top photosynthetic layer, which is consistent with diversity
studies on fungal endophytes, demonstrating that the
great majority of fungal endophytes are classiﬁed
within the subphylum Pezizomycotina (Rodriguez et al.,
2009). Bacterial communities were also revealed by
rRNA data in the metatranscriptomes. The nitrogen ﬁxers
– Cyanobacteria and Rhizobiales – were both detected.
Cyanobacteria are more abundant in the top layer while
Rhizobiales were more or less evenly distributed across
the senescence gradient. We detected an array of moss
genes signiﬁcantly differentially expressed in the top versus bottom of the moss that are likely to be involved in
microbe recognition and defense/symbiosis interactions
similar to other land plants. In addition, one of the most
enriched plant GO term in the bottom layer of this moss
is “organonitrogen compound catabolic process”, which
echoes the high activities of fungal ammonium transporters in the bottom portion of D. scoparium. This moss
represents an ideal system to study the longstanding
hypothesis that many endophytic fungi have the capacity
to switch between endophytism and saprotrophism. This
functional transition was revealed here by an array of
differentially expressed fungal genes based on metatranscriptomic data. The gene sequences and taxa
detected by this study provide a strong foundation at the
community level to understand whether functional transitions of fungal activities between endophytism and
saprotrophism could occur within one strain or even one

mycelium. Experiments using an in vitro plant–fungal coculture system are needed to address the new hypotheses emerging from this study.
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