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Microbes inﬂuence plant phenotypes but most known examples of this are from the study of belowground microbes and plant disease modiﬁcation. To examine the potential importance of phyllosphere
microbes on non-disease related plant traits, we used sterile Arabidopsis clones to test the effects of foliar
fungi on ﬂowering phenology and reproductive allocation under conditions of varying water stress. We
inoculated the sterile plants with fully-factorial combinations of four fungal isolates, then measured
ﬂowering time and reproductive allocation for each treatment group under normal and water-stressed
conditions. All plants inoculated with foliar fungi had signiﬁcantly later ﬂowering and greater seed
mass than the sterile control groups. The magnitude of this effect depended on the speciﬁc fungi present,
but individual fungal effects diminished as inoculum richness increased. Above-ground microbes likely
inﬂuence other plant traits as well and should be considered in any study measuring plant phenotypes.
© 2019 Elsevier Ltd and British Mycological Society. All rights reserved.
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1. Introduction
Plants are hosts to a diverse array of endophytic and epiphytic
microorganisms that, together with the plant, make up the holobiont. Under natural conditions, many “plant” traits depend
entirely, or in part, on members of the plant microbiome
(Vandenkoornhuyse et al., 2015). However, the more we discover
about the holobiont, the more questions arise about the relative
roles of microbial community dynamics, plant genotype, and
environmental factors that shape a plant's extended phenotype
(Preston, 2017).
Untangling the processes of plant-microbe interactions can be
very complicated, with plants shaping their microbiome and the
microbes, in turn, shaping attributes of plant phenotype (Mendes
et al., 2014; Edwards et al., 2015). Work that has simpliﬁed these
systems by incorporating sterile model plants and manipulating
the microbial constituents is, however, beginning to reveal a much
needed mechanistic understanding of plant microbiome assembly
and function (Panke-Buisse et al., 2015; Wolfe, 2018).
The inﬂuence of microbes on plant traits can be subtle or
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dramatic. For example, that bacterial root endophytes are known to
modify plant phenotypes in some cases by changing when and how
carbon is allocated within plant tissues (Henning et al., 2016), and
that transplantations of natural soil biota to gnotobiotic plants can
alter ﬂowering phenology (Wagner et al., 2014). Although most
work has focused on below-ground microbes and plant tissues
(Rossmann et al., 2017), it is clear from other efforts that microbes
associated with above-ground (phyllosphere) tissues also shape
plant traits (Estrada et al., 2013; Giauque et al., 2019).
Aside from modifying plant disease or herbivory (Falconi and
Mendgen, 1994; Arnold et al., 2003; Busby et al., 2015),
phyllosphere-associated microbes alter plant traits such as leaf
wettability and xylem conductivity, (Beattie, 2011), cuticle permeability and transpiration (Ritpitakphong et al., 2016), and even the
biosynthesis of plant hormones (Egamberdieva et al., 2017). Additionally, above-ground microbes can inﬂuence seed mass (Saari
et al., 2010), leaf size (Davitt et al., 2000), frost sensitivity
(Bertrand et al., 2007), and shoot height (Perrine-Walker et al.,
2007). No doubt, many more microbially-mediated plant traits
await discovery. An increased understanding of phyllosphere microbial communities and which plant traits they can alter is crucial
for informing emergent agricultural (Schlaeppi and Bulgarelli,
2014), industrial (Doty, 2017), and conservation (Zahn and
Amend, 2017) practices.
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In this study we investigated how foliar fungal endophytes
impact ﬂowering phenology and seed mass, important ecological
traits (Westoby et al., 1992; Rosas et al., 2014) under normal and
water-stressed conditions. Using gnotobiotic clones of Arabidopsis
thaliana inoculated with a fully-factorial combination of four fungal
isolates with varying phylogenetic distance from each other, we
sought to uncover whether the presence and identity of foliar fungi
affect reproductive timing and allocation under normal and
stressed conditions.
2. Materials and methods
2.1. Overview
Replicates of sterile Arabidopsis seedlings were inoculated with
factorial combinations of 4 fungal isolates having varying phylogenetic distance from each other. The experiment was duplicated
under normal (surface soil never allowed to completely dry) and
water-stressed (soil surface allowed to dry for 2 days between
waterings) conditions. Flowering phenology (days to ﬁrst ﬂower)
and average seed mass were measured.
2.2. Plant selection and growth
Arabidopsis bulk germplasm was generated from a single line
obtained from TAIR (www.arabidopsis.org, Accession: CS22468).
Seeds were surface sterilized by shaking in 10% bleach containing
0.05% Tween 20 detergent for 10 min, 70% ethanol for 2 min, 3
rinses of sterile DI water. After 2 weeks cold treatment at 4 C, they
were sown in autoclaved soil-less potting medium (Sunshine #4,
Sun Grow, Chicago, IL). Seeds were germinated in the dark at 21 C
for 1 week, then transplanted into 300 pots of sterile potting medium
and grown in a Percival E41L2 growth chamber (Percival Scientiﬁc, Inc., Perry, IA, USA) at 20 C with 16 h/8 h day/night cycle.
Successfully-germinated seedlings were randomly assigned to
fungal and water treatments, so that sterile controls and each
factorial treatment combination had 5 replicate individuals. Replicates from each group were kept together in the growth chamber to
minimize the potential for cross-contamination and group locations were rotated each day. Plants were watered from below with
sterile DI water when the soil surface began to dry (for normal
water treatment) and 2 d after the soil surface dried (water stress
treatment). The ﬁrst and third waterings contained 15-5-15 fertilizer at [200 ppm N]. Plants were not allowed to sit in standing
water. The date of ﬁrst ﬂowering was recorded for each plant and
waterings were halted 7 d after 80% of plants in each group initiated
ﬂowering. At the end of ﬂowering, seeds were collected from each
individual and dried at 40 C for 2 weeks, after which the total mass
for 50 randomly selected seeds from each individual was measured
to determine the mean mass of a single seed from each plant.
2.3. Fungal isolate inoculum preparation and inoculation
Fungi were originally isolated from Brassicaceae (kale and
broccoli cultivars grown in an outdoor garden) leaf surfaces by
running a moistened sterile swab across leaf surfaces and then
streaking it onto MEA agar (Malt extract [1 g/L], Yeast extract [1 g/
L], Agar [10 g/L]) amended with Streptomycin [20 mg/mL] and
Kanamycin [20 mg/mL]. Morphologically distinct fungal colonies
were serially axenized on MEA plates. DNA was extracted from 8
fungal isolates using the Extract-N-Amp protocol (Sigma-Aldrich)
and subjected to bi-directional Sanger sequencing of the ITS1-28S
region using the primers ITS1F (50 -CTTGGTCATTTAGAGGAAGTAA30 ) and TW-13 (50 -GGTCCGTGTTTCAAGACG-30 ). Taxonomy was
assigned by comparing consensus sequences against the NCBI

nucleotide database using BLAST. Phylogenetic relatedness was
estimated as the sum of patristic branch lengths from a JukesCantor model neighbor-joining tree of the 5.8S rDNA region containing a taxonomically diverse collection of 70 other fungi
(Cullings and Vogler, 1998, Supporting material).
Four sporulating fungal isolates with varying levels of phylogenetic distance (SI Table 1) were chosen as inoculum sources.
Phylogenetic placement was consistent with the top BLAST hit. The
four fungal isolates selected were Pleospora rosae, Cochliobolus sp.,
Alternaria tenuissima, Cladosporium macrocarpum (Table 1). Spores
from these isolates were scraped from the surfaces of cultures and
centrifugally washed three times in sterile water (500 RCF for
10 min, supernatant removed from pellet, pellet resuspended in
1 mL sterile water). Spore concentrations were quantiﬁed and
normalized using a hemocytometer and DIC microscopy at 40X
magniﬁcation before diluting them into 200 mL of 0.1% sterile
agarose solution. Each fungal inoculum had an equivalent ﬁnal
spore concentration of 6,944 cells/mL, regardless of the number of
species present. Negative controls consisted of a heat-killed combination of all 4 fungal isolates at 6,944 cells/mL in sterile 0.1%
agarose solution.
After the ﬁrst true leaves appeared on at least 75% of all
germinated plants (6 d) fungal inocula were sprayed to fully cover
plants and soil surfaces. Plants were sprayed weekly with their
respective fungal treatments until rosettes reached full size (23 d).
2.4. Fungal isolate growth rates
Three replicate cultures were prepared for isolates in which
fungi were grown singly and in each possible combination with
each other. Agar blocks (0.25 cm2) of vegetative mycelium were cut
from pure cultures and placed onto the surface of MEA agar and
grown at ambient temperature for 9 d. To measure baseline and
competitive growth rates, replicates of pure cultures and each
factorial combination were photographed and mycelium surface
area was measured with ImageJ (Supporting Info) after 4 d and 9 d.
Growth rates were determined as the increase in mycelial surface
area over 5 d. Growth rates of isolates in competition were relativized against pure culture growth rates.
2.5. Statistics
All analyses were performed in R (version 3.3.3). An analysis of
variance (ANOVA) test was used to determine the signiﬁcance of
fungal treatment and water stress on ﬂowering time. Flowering
time was regressed onto seed mass (a proxy for plant ﬁtness) with a
linear model to determine the relationship between phenology and
ﬁtness. To estimate the role of each of the four fungal isolates in
altering ﬂowering time, we used a general linear model with
community matrix components as predictors. The intercept was
excluded and Type-III Sums of Squares were obtained with the car
package (Fox and Weisberg, 2011). Figures were constructed with
the ggplot2 package (Wickham, 2009).
3. Results
3.1. Flowering phenology and seed mass
All individuals inoculated with viable fungal isolates ﬂowered
later than sterile controls, irrespective of watering levels (Fig. 1; SI
Fig. 1). We observed signiﬁcant changes to ﬂowering phenology
depending on fungal treatment group (ANOVA: F128, 15 ¼ 36.734;
P < 216) and water regime (ANOVA: F128, 1 ¼162.438; P < 216).
Water stress consistently led to earlier ﬂowering in all treatment
groups, including controls. The magnitude of this change, however,
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Table 1
Taxonomic assignments for the four fungal isolates used in this study. Sequences have been deposited at NCBI under the GenBank Accession Numbers given. Taxonomy was
chosen based on the top named BLAST hit against the NCBI nr database.
Isolate ID

GenBank Accession No.

Top BLAST hit

Tentative Taxonomic Assignment

A
B
C
D

MH972194
MH972195
MH972196
MH972197

NR_157531.1
KX641964.1
KX664408.1
KX664406.1

Pleospora rosae
Cochliobolus sp.
Alternaria tenuissima
Cladosporium macrocarpum

Fig. 1. e Sterile plants consistently ﬂowered earlier than plants with endophyte treatments, regardless of the richness of the fungal inoculum.

varied between fungal community treatments (ANOVA: F128,
P ¼ 0.000118; SI Table 2). The average reduction in
ﬂowering time due to water stress was 1.6 d for plants treated with
P. rosae, 1.8 d for those treated with Cochliobolus sp., 5 d for plants
treated with A. tenuissima, and 4.4 d for those treated with
C. macrocarpum. A related pattern was observed for these four
isolates in their effects on plants’ overall ﬂowering times. Plants
inoculated with isolate A ﬂowered later on average than plants
inoculated with A. tenuissima or C. macrocarpum, regardless of
water stress (SI Table 3).
Inoculum community richness had no inﬂuence on the observed
lengthening of ﬂowering time (Fig. 1). Even the presence of a single
fungal isolate, regardless of identity, increased the mean ﬂowering
time over sterile control plants (Fig. 2).
Mean seed mass was positively correlated with later ﬂowering
times (F1, 123 ¼ 22.24; P < 0.0005; Adj. R-sq ¼ 0.1462; SI Fig. 2).

15 ¼ 3.292;

3.2. Fungal isolate growth rates
The culture-based experiment allowed us to see how the four
fungal isolates behaved in combination with each other (Fig. 3).
Cochliobolus sp. was a poor competitor under these conditions,

often growing at half (or less) of its baseline rate when in competition with any or all of the other isolates. In culture, it seemed to
facilitate faster growth in the other three isolates, though it grew
more slowly than the other isolates in pure culture (SI Table 4). The
patterns we found in culture, however, had little predictive power
for results on plants.
4. Discussion
Flowering timing is strongly determined by genetic (Rosas et al.,
2014), and environmental (Banta et al., 2012) factors but, like other
plant traits, it is also dependent on microbial members of the
holobiont. Prior efforts have demonstrated important roles for soil
bacteria in ﬂowering phenology and drought response (Lau and
Lennon, 2012; Wagner et al., 2016). Here, we show that aboveground fungal members of the holobiont can also modify ﬂowering phenology. Interestingly, at least for the isolates tested in this
study, fungal identity was much less important than the fact that
fungi were present.
In general, plants receiving inoculum with P. rosae and/or
Cochliobolus sp. had later ﬂowering times and a reduction in the
deleterious effects of drought compared with plants receiving
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Fig. 2. e The presence of any speciﬁc fungal isolate was less important than the presence of any fungus, regardless of identity. Y-axis shows the presence of a given fungal isolate in
a treatment group. X-axis shows violin distributions of ﬂowering times (in days) for plant treated with that fungus in any combination of other inocula.

inoculum with A. tenuissima and/or C. macrocarpum. However, in
the higher-order interactions when more than two fungal strains
were present in an inoculum, these patterns were not always
maintained.
There was also an interaction between water stress and the
functional beneﬁts of harboring foliar fungi. Resources available to
the phyllosphere microbial community may alter or even erase the
advantages of that community for a plant (Berg and Koskella, 2018).
Here we observe that drought conditions consistently resulted in
earlier ﬂowering times and reduced seed mass, but the magnitude
of this effect depended on the fungal community present. Again, no
consistent pattern could be found with respect to any speciﬁc
isolate due to complexities in higher-order interactions.
Culture-based competition results shed little light on why
simple interactions were not predictive of higher-order results. For
example, both P. rosae and Cochliobolus sp. were associated with
later ﬂowering time individually and together, and C. macrocarpum
was associated with earlier ﬂowering time, especially under water
stress. However, a mixed inoculum of P. rosae, Cochliobolus sp., and
C. macrocarpum showed no signiﬁcant changes in ﬂowering time
from the mean of all treatment groups. In culture, the growth rate
of C. macrocarpum was reduced by both P. rosae and Cochliobolus
sp., and the growth rate of P. rosae was increased in the presence of
C. macrocarpum (Fig. 3). This led us to predict that, in the presence
of P. rosae and Cochliobolus sp., the growth of C. macrocarpum would
be reduced and its solitary effect on ﬂowering time would be less
pronounced, but this was not seen. This shows that there is not a
clear relationship between competitiveness in a rich culture medium and effects on plant phenotype. Something more complex is
taking place on the surface of plant leaves.
This higher-order unpredictability is not surprising, given that
fungal community interactions and assembly processes are still not

well understood. Our system was very simple, with just four fungal
isolates. In natural systems, we must consider that determinants of
microbial colonization of a given plant tissue include host plant
identity and attributes, local abiotic conditions, and microbemicrobe interactions (Aleklett et al., 2014). Of further importance
are: priority effects (Tucker and Fukami, 2014; Toju et al., 2018),
phylogenetic relatedness and trait conservatism (Maherali and
Klironomos, 2007), environmental ﬁltering (Glassman et al., 2017;
Whitman et al., 2018), and the interactions between these processes (Peay et al., 2011). The speciﬁc mechanism by which fungi
postponed ﬂowering time in this study is also not known. Foliar
fungi may alter photosynthetic efﬁciency, transpiration, and water
use efﬁciency, particularly when plants are experiencing stress
(Pinto et al., 2000; Li et al., 2012). They also produce abundant
secondary metabolites that have received little attention outside of
pathology applications (Suryanarayanan, 2013), which may be
important for ﬂowering phenology. Further, it has been suggested
that changes to belowground microbes can alter nutrient availability and the ﬁtness beneﬁts of associating with mutualists (Lau
and Lennon, 2011), and something similar may be taking place in
aboveground tissues. Associating with endophytes might reduce
stresses that lead to shorter ﬂowering times, or could actually
trigger immune responses that prime them for resistance to other
stressors (Van et al., 2008).
While we currently lack a detailed mechanistic explanation for
why some fungal communities generated a greater effect than
others, all the foliar fungal communities tested resulted in plants
with signiﬁcantly later ﬂowering times and greater seed mass than
the sterile controls. This, along with other research demonstrating
that belowground microbes have strong inﬂuences on plant
phenotype, should add complexity to the interpretation of “plant”
traits, which might actually be microbial traits in disguise.
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Fig. 3. e Fungal competitive growth rate on MEA medium as the proportion of growth rate in pure culture (cm2 day-1). X-axis ¼ competition groups; Y-axis ¼ Proportion of pure
culture growth rate. Colored by fungal isolate. Values above 1.0 denote fungi that outperformed baseline growth rates in the presence of other isolate(s).
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