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Abstract 

Microorganisms associated with plants can affect nutrient and water acquisition, plant defenses, and ecological interactions, with 

effects on plant growth that range from beneficial to antagonistic. In Glycine max (soybean), many studies have examined the soil 
microbiome and the legume–rhizobium relationship, but little is known about foliar endophytes, their effects on plant biomass and 

fitness, and how plants respond to their presence. To address these questions, we inoculated Glycine max with field-collected iso- 
lates of pr eviousl y isolated, dominant strains of Methylobacterium and Colletotrichum in either sterile or non-sterile soil. We then used 

RNAseq to compare the transcriptomic responses of plants to single- and co-inoculation of endophytes. We found that all endophyte 
tr eatments incr eased soybean gr owth compar ed to contr ol, but onl y in sterile soil. These r esults suggest context-de pendency, with 

endophytes serving as facultati v e m utualists under str ess or n utrient de pri v ation. Similarl y, transcriptomic anal yses r ev ealed that 
soybean defense and stress responses depended on the interaction of endophytes; Methylobacterium elicited the strongest response 
but was modulated by the presence of Colletotrichum . Our findings highlight the environmentally dependent effects of co-existing 
endophytes within soybean leaves. 

Ke yw ords: context-dependenc y; endophytes; Gl ycine max; Methylobacterium ; plant–micr obe inter actions; tr anscriptomics 
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Introduction 

As demand for nutritious food around the world increases with 

our growing population (Saikkonen et al. 2004 , Mishra et al. 2021 ),
understanding the myriad effects of micr obial comm unities on 

plant yield and plant health can help le v er a ge beneficial micr obes 
for plant growth and productivity (Younginger and Friesen 2019 ,
O’Brien et al. 2021 ). While man y envir onmental factors, suc h as 
temper atur e, pr ecipitation, and nutrient av ailability, hav e the po- 
tential to alter plant function and productivity (Lobell and Field 

2007 , Leak e y et al. 2009 ), interactions with microbes may be a 
source of resilience for plant health and crop yield. Rapid re- 
sponses of soil micr oor ganisms hav e e v en been shown to impr ov e 
plant fitness in no vel en vironments ( e.g . Lau and Lennon 2012 ,
de Vries et al. 2023 , Ricks and Yannarell 2023 )—suggesting that 
an a ppr opriate micr obial comm unity might aid in plant acclima- 
tion to changing en vironments . T hus , understanding how en vi- 
ronmental shifts in microbial communities will influence plant 
gr owth in v arious contexts is critical in pr edicting the effects of 
plant–microbe symbiosis on plant health. 

Harnessing microbes to improve plant health has the potential 
to make land use more efficient while limiting the need for chem- 
ical pesticides that may reduce soil quality, affect human health,
and harm surrounding ecosystems (Rani et al. 2021 ). Though less 
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ell-studied compared to the microbial communities residing in 

 oots, foliar (phyllospher e) endophytes are known to cause a wide
ange of physiological and defense responses in plants. Leaf fun-
al endophytes, for example, have been reported to improve plant
rowth under flooded conditions (Adams et al. 2017 ) and change
lant metabolite production, aiding in herbivore defense (Hartley 
t al. 2015 ). F oliar fungal endoph ytes in tr opical r ainfor ests can
imit pathogen damage to trees (Arnold et al. 2003 , Christian et
l. 2017 ) and e v en alter nitr ogen uptake and distribution patterns
Christian et al. 2019 ). Leaf endophytes may e v en lead to ladder-
p effects on pollinator density, possibly leading to higher yields

Garibaldi et al. 2021 ). 
The tr anscriptomic r esponses of hosts to their endophyte com-
 unities pr ovide insight into the molecular dynamics of plant–
icr obe inter actions and aid in constructing holistic models of

ow microbes influence plants both individually and together.
ranscriptomic studies can reveal important signaling pathways 
nvolved in symbiosis establishment and benefit exchange (Heath 

t al. 2012 , Burghardt et al. 2017 ); by identifying k e y genes involved
n host–endophyte interactions, we can gain insights into how mi-
robes supplement plant health and productivity in response to 
iotic and abiotic stressors (Sheibani-Tezerji et al. 2015 ), as well
s understand the recognition and colonization of hosts (Chen 
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t al. 2022 ). While some studies have described the transcrip-
omic responses of host leaves to microbial inoculation, resulting
n salient gene annotations, most information comes from model
ost–pathogen symbiosis ( e.g. Arabidopsis– Pseudomonas ) (Zhang et
l. 2018 ). Transcriptomics of host responses to diverse endophytes
n both single and mixed inoculations can provide insight into how
eav es perceiv e these symbionts and mediate downstr eam influ-
nces on the fitness of all partners (Christian and Perlin 2024 ). 

Glycine max (soybean) is a C3 plant and one of the most widely
r own a gricultur al cr ops worldwide, with 122.10 million hectar es
nd an annual production of 353 million metric tons (Kumari et
l. 2025 ). Land use for soybeans is increasing due to continued de-
and for soy-based products for liv estoc k, commercial pr oducts,

lternative fuel, and non-animal proteins (Alexandratos and Bru-
nsma 2012 ). While there is a great deal of data available on root

icr obial comm unities in soybean (Meriles et al. 2009 , Mendes
t al. 2014 , Classen et al. 2015 ) and, more specifically, on the
itrogen-fixing symbiosis between soybean and rhizobia (Han et
l. 2020 , Li et al. 2020 ), less is known about the endophytes that
eside in the phyllosphere aboveground. In a previous study at
o yFACE (So ybean F r ee Air CO 2 Enric hment; Ainsworth and Long
021 ), we isolated dominant leaf micr obes fr om soybeans and
ound that ele v ated [CO 2 ] shifted the assembly of foliar micro-
ial comm unities; Methylobacterium sp. decr eased in abundance

n ele v ated (600 ppm) [CO 2 ], while an increase in abundance was
bserved in fungal isolate Colletotrichum (Christian et al. 2021 ) .
he direct effects of these endophytes on soybean growth and
tness, and thus how shifts in microbial abundance might influ-
nce soybean into the future , ha ve remained unclear. Endophytic
ethylotr ophs hav e been r eported to enhance plant gr owth via

oth direct and indirect effects on hosts (Kumar et al. 2017 ). For
xample, Methylobacterium mesophilicum can enhance antioxidant
etabolism, which helps protect bacterial cells against damage

r om fr ee r adicals and pr omotes a successful earl y inter action be-
ween the plant and its rhizobial mutualists (Araújo et al. 2015 ).
tudying these types of ad diti ve and non-ad diti v e (inter activ e) ef-
ects of microbial community members on host growth is partic-
larly important in multi-player microbial communities, where
riority effects, competition, and facilitation play important roles

n assembly and host effects (Ayilara et al. 2023 ). 
In this study, we first use inoculation experiments under con-

rolled conditions, both with sterile and non-sterile soils, to study
ow these dominant foliar endophytes affect whole plant growth
nd fitness both in single and mixed inoculation treatments. We
ypothesized that fungal and bacterial endophytes would have

nter activ e effects and impr ov e soybean growth. In addition, we
sed RNAseq in soybeans treated with single or mixed inoculation
o c har acterize how leaf tr anscriptomes r espond to these endo-
h ytes. We h ypothesized that plants would respond to endoph yte

noculation, and that they would respond differently to mixed in-
culum, compared to single inoculation treatments. 

aterials and methods 

he isolates of foliar endophytes we use in these studies origi-
ated from the SoyFACE study by Christian et al. ( 2021 ), wherein
ndophytes from field-grown leaves of soybean in either ambi-
nt or ele v ated [CO 2 ] wer e compar ed using culture-based meth-
ds . T he most common endophyte was an isolate of Methylobac-
erium sp. (isolate 75.10.b—hereafter “Meth ylo”), follo w ed b y Col-
etotrichum fungi . Isolates of Colletotrichum (A2.15.12 and A2.10.2)
er e geneticall y identical at the ITS locus but had different phe-
otypes in in vitro assa ys , whic h is unsur prising giv en low taxo-
omic resolution of the ITS (Gazis et al. 2011 ). Specifically, iso-
ate A2.15.12 (hereafter “Col1 ”) was facilitated by the presence
f Methylo , whereas isolate A2.10.2 (hereafter “Col2 ”) was antag-
nized by Methylo (Christian et al. 2021 ). 

xperiment 1: Endophyte inoculation of 
o ybeans gro wn in sterilized soil 
ur experimental design consisted of 30 replicate plants assigned

o each of six inoculation tr eatment gr oups, for a total of 180
lants. Inoculation treatments were as follows: Control (uninocu-

ated plants), Col1, Col2 , and Methylo in single inoculation, and two
o-inoculations consisting of Methylo + Col1 and Methylo + Col2 .
eeds of soybean v ariety P3IT44E wer e planted in 6 ′′ pots filled
ith a 2:1:2 combination of autoclave-sterilized turface: sand:
eat (autoclaved on liquid setting for 45 min at 120 ◦C). Each pot
as given a small amount of slow-release fertilizer (2.5 g of 13–
3–13 Osmocote ®). 

To inoculate plant leaves with fungal endophytes, we trans-
err ed Colletotric hum hyphae fr om fungal plates that originated
rom the initial isolation of endophytes in 2019 to 2% Malt Ex-
ract Agar (MEA) plates per isolate, sealed plates with Parafilm,
nd cultured at room temperature to produce ample spores for
lant inoculation (Christian et al. 2021 ). Hyphal gro wth w as vis-

ble after 2 days and filled the plate and pr oduced spor es after
0 da ys . T he conidial masses that contain spor es a ppear blac k in
hese Colletotrichum isolates. We made fungal spore suspensions
or inoculation by adding 5 ml of sterilized distilled water to MEA
lates and gently scraped them to suspend spores and hyphae.
he resulting liquid was poured through sterilized cheesecloth

nto a 500 ml bottle. We estimated the concentration of spores us-
ng a hemocytometer and adjusted both isolates to 1 × 10 6 cells
er ml using PBS (Absher 1973 ). 

We cultured Methylo from frozen glycerol stocks stored at -80 ◦C
uring initial isolation in 2019 by streaking onto solid tryptone-
east (TY) plates 10 days before inoculation (Oh et al. 1995 ). After 9
ays of growth, single Methylo colonies were inoculated into 15 ml
alcon tubes containing liquid TY media and grown in a shaking
ncubator at 28 ◦C for 24 h before inoculation onto plants to gener-
te adequate inoculum. We combined tubes and diluted the com-
ined liquid cultures with sterilized PBS to an OD600 of 0.1, giving
 bacterial concentration of a ppr oximatel y 1.9 × 10 6 cells/ml as
alculated by additional CFU counts. For both the Methylo and Col-
etotrichum inocula, we combined suspensions with 0.01% Tween
0 (to promote microbial colonization) into sterilized spray bottles
cleaned with a 10% bleach solution follo w ed b y a 70% ethanol so-
ution and then allo w ed to dry). 

We inoculated plants at so ybean gro wth stage V1 (plant has
ull y de v eloped leav es at unifoliolate node), using 11 spr ays
 ∼10 ml) per leaf per plant of pr epar ed single or mixed suspen-
ions. For mixed inocula ( i.e. Methylo + Col1 and Methylo + Col2 ),
ingle species suspensions were combined in a 1:1 volume ra-
io. We then immediately covered plants with a 13-gallon plastic
ag to increase humidity and encourage infection (Christian et al.
019 ). The plants remained cov er ed for 24 h before the bags were
 emov ed. We placed plants in a randomized arrangement in the
r eenhouse, car eful to avoid contact between leaves of adjacent
lants to limit cross-contamination. We w atered so ybeans daily
or the remainder of the experiment until harvest, being mind-
ul not to wet lea ves , again to a void splashing and thus cross-
ontamination of endophytes (Saikkonen et al. 2004 ). Climatic set-
ings were held at 23 ◦C–26 ◦C during the day and 20 ◦C–23 ◦C at
ight. Plants r eceiv ed 15 h of light fr om 6:30 a.m. to 9:30 p.m.
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One week after inoculation, we took preliminary height measure- 
ments. We took leaf counts and staked soybeans at growth stage 
R1 (beginning bloom) after ∼4 weeks. We harvested soybeans at 
gr owth sta ge R6 (full seed, 10 weeks post-inoculation) to obtain as 
man y intact leav es as possible (Marcos-Filho et al. 1994 ). We took 
data on leaf count, final height, pod count, and weighed all above- 
ground biomass after drying for 48 h at 50 ◦C. Inspection of roots 
indicated no nodulation by rhizobia. 

Experiment 2: Endophyte inoculation of 
so ybeans gro wn in li v e field soil 
To determine if foliar endophytes elicited an effect in microbial 
conditions more typical of field soils, we performed a second, sim- 
ilar inoculation study but inoculated all pots with soil slurries 
from SoyF ACE. W e planted thr ee seeds into eac h of 160 6 ′′ pots 
containing LM-6 ® High porosity mix (Lambert Inc., Rivière-Ouelle, 
Québec, Canada). Once sprouted, w e thinned the so ybeans to one 
plant per pot. One w eek later, w e inoculated plants with slurry 
from soils that were collected directly from non-experimental 
soybean fields at SoyFACE. To make the soil slurry, in each of 10 
beakers, we submerged 90 g of soil in 300 ml of 0.85% NaCl so- 
lution, follo w ed b y v ortex homogenization and allo wing to set- 
tle twice (Wendlandt et al. 2022 ). Each pot r eceiv ed 10 ml of soil 
slurry supernatant. Inoculation with foliar endophytes took place 
4 weeks after planting using the same methods as Experiment 1,
with a few exceptions . T he concentrations of microbes in all treat- 
ment groups were 8 × 10 5 cells/ml, and soybeans were watered 

daily via bottom watering. We fertilized soybeans with Osmocote 
18–5–8 Plus and commercial fertilizer 15–5–15 cal-mag (300 ppm 

N) in two treatments pre-flo w ering to emulate field conditions. All 
fertilization was stopped 8 weeks before the final harvest. We took 
measurements of plant height and leaf number 3 days before in- 
oculation, 2 weeks after inoculation, and 7 weeks after inocula- 
tion. The final harvest took place 14.5 weeks after initial planting.
Data collection was performed as in Experiment 1, with the addi- 
tion of nodule count. 

Phenotypic data analysis 

We conducted all analyses of phenotypic data in Experiments 1 
and 2 in RStudio (R 4.1) 2022.02.3 + 492 “Prairie Trillium” Release for 
Windows. We used Analysis of Variance (ANOVA) implemented in 

base R to test for the significance of fungal ( Col1 , Col2 , or control) 
and bacterial ( Methylo or control) treatments on soybean traits 
(shoot and root biomass, seed pod number, leaflet number, total 
height), follo w ed b y Tuk e y tests for means comparison. All figures 
were made in ggplot2 (Wickham 2024 ). The CLD (Compact Letter 
Display) was obtained using the cld function within the emmeans 
pac ka ge (Piepho 2004 ). 

Experiment 3: Soybean transcriptomic responses 

to endophyte inoculation 

Finall y, we used tr anscriptomics to understand the responses 
of soybean leaves to our endophytic inoculation treatments. We 
gr e w 10 plants per treatment under controlled growth chamber 
conditions with a 23 ◦C “night cycle” (7:00 p .m. –5:00 a.m.) with 

0 μmol/m 

2 /s light and 28 ◦C “day cycle” (5:00 a.m.–7:00 p.m.) with 

light at 1100 μmol/ m 

2 /s and with humidity set to 50%. We inoc- 
ulated with a concentration of 10 6 cells/ml per microbe, follow- 
ing quantification and adjustment methods used in Experiment 
1. Plant tissue was harvested 10 days after inoculation by taking 
12 punches (total ∼50 mg) from three different leaves with a ster- 
le hole punc her, whic h wer e flash fr ozen in liquid nitrogen before
eing tr ansferr ed to a -80 ◦C fr eezer. 

N A extr action, sequencing, and data processing 

ull details can be found in the Supplemental Methods. In
hort, w e extracted RN A from six samples of frozen plant tis-
ue per treatment ( n = 36 total) and submitted them to Uni-
ersity of Illinois at Urbana Champaign (UIUC) Roy J. Carver
iotechnology Center for library construction and sequencing us- 

ng NovaSeq 

® instrumentation. We used the Glycine max transcrip- 
ome (Glycine_max_v2.1) genome and Annotation 103 from NCBI 
eference sequences in Salmon (Patro et al . 2017 ) (version 1.2.1) for
uasi-ma pping r eads to the transcriptome and quantifying tran-
cript abundance, follo w ed b y normalization and filtering. 

nalysis of RNAseq and functional annotation 

ll anal yses wer e conducted on Computer and Netw ork Resour ce
roup’s Biocluster high-performance computing resource and R 

ersion 4.0.2 (R core team, 2020 ). Removal of Unwanted Varia-
ion (RUV) (Jacob et al . 2016 ) pr ocedur e was used to generate la-
ent variables to be used as co variates . T he method of Buja and
yuboglu ( 1992 ), implemented in the “sv a” pac ka ge (Leek and
torey 2007 ), indicated that six latent variables should be added
o the model. Negative control genes for RUV were selected based
n having P > .5 for the effects of endophytes and their interaction
sing the limma-trend method (Chen et al. 2016 ), resulting in 3878
egativ e contr ol genes. Six latent v ariables optimized to stabilize
xpression of these 3878 genes were then generated. Differential 
ene expr ession anal ysis was performed with limma-tr end using
 model including both endophytes and their interaction as inde-
endent variables, and latent variables as co variates . Heatmaps 
er e cr eated in pheatma p (Kolde 2019 ) using scaled logCPM v al-
es after adjusting for latent variables, showing clustering of sig-
ificant genes. Full differential expression analysis using limma- 
rend method from Experiment 3 revealed that inoculation with 

ol1 and its interaction with Methylo had minimal impact on the
oybean transcriptome (results not shown). T herefore , we present
ere the results of a simplified model including Methylo and Col2

noculations only. We used Principal Variance Component Analy- 
is or PVCA (“pvca” R pac ka ge; Li et al. 2009 ) to estimate the vari-
nce in total gene expression attributable to model effects, incor-
orating principal components accounting for at least 60% of the
ariance. To assess Gene Ontology (GO) term enrichment, we used
isher’s exact tests to determine if the number of significant genes
 P ≤ .05) in GO terms was greater than expected by chance , J ulius
 2024 ) was used to assist with GO term data managment. 

esults 

ndophytes increase plant fitness, but only in 

terile soil 
oybean abov egr ound biomass and pod number increased in re-
ponse to endophyte inoculations when plants wer e gr own in ster-
le soil in the greenhouse (Experiment 1). Inoculation with Methylo
ncr eased abov egr ound biomass by 20% compar ed to contr ols and
esulted in a marginal increase in pod number (Table 1 ; Fig. 1 A and
). Inoculation with Colletotrichum had strong effects on biomass 
nd pod number (Table 1 ); Specifically, isolates Col1 and Col2 in-
reased biomass by 49% and 32% and pod number by 42% and
9%, r espectiv el y (Fig. 1 A and B). We found no significant inter-
ctions between Methylobacterium and fungal treatments for any 
raits (Table 1 ). 
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Table 1. Summary of two-way ANOVA results for the effects of 
inoculation with Methylobacterium , fungi [ Colletotrichum A2.12.15 
(Col1) or A2.10.2 (Col2)] , and their interaction on soybean biomass 
and pod number when soybeans were grown in sterile greenhouse 
conditions 

Biomass (g) Pod number 

den df = 173 den df = 173 

df F P -value F P -value 

Methylobacterium 1 7.204 .0080 3.36 .0684 
Colletotrichum 2 39.019 < .0001 21.94 < .0001 
Methylo x 
Colletotrichum 

2 1.906 .1518 1.35 .2619 

F igure 1. Boxplots sho wing the effects of inoculation with 
Meth ylobacterium ( Meth ylo ) and Colletotrichum isolates ( Col1 or Col2 ) either 
individually or in combination on soybean biomass (A) and pod number 
(B) when plants were grown in sterile soil in the greenhouse. Significance 
of least squares means at the 0.05 level indicated by different letters. 
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Soybean plants grown in potting mix inoculated with a field
oil slurry in the greenhouse (Experiment 2) wer e m uc h lar ger
 ∼7X) and more fecund ( ∼5.7X) than those grown in sterile soil
 Fig. S1 ). In contrast to the positive effects of bacterial and fun-
al endophytes on so ybean gro wn in sterile soil, none of the foliar
ndophytes influenced soybean growth or pod number when pots
ere inoculated with field soil microbiota (all effects were non-

ignificant; Fig. S1 ). 

oybean leaf transcriptomes respond to the 

nteracti v e effects of endophytes 

ext, we used RNAseq to study how leaf transcriptomes respond
o the interaction of endophyte inoculations in the absence of soil

icrobiota. The fungal isolate Col1 had little effect on soybean
ranscriptomes (see Methods); thus, we focus here on the results
f models including just Methylo and Col2. The PVCA indicated
hat 7.6% of the variation in leaf gene expression was attributable
o inoculation with Methylo , 11.6% was due to Col2 inoculation,
hile 20.5% was attributable to the interaction of Methylo and
ol2 , indicating str ong inter action effects when plants were in-
culated with both endophytes . T hirty-four genes responded sig-
ificantly to the interaction of Methylo and Col2 ( Table S1 ). Many
ore (298) genes responded to the main effect of Methylo inocu-

ation (“Methylo genes”), including 26 of the 34 interaction genes
 Table S1 and Fig. S2 ). While the presence of Col2 modified the re-
ponses of soybean genes to Methylo inoculation ( i.e. interaction
enes), no genes responded significantly to the main effect of Col2
noculation ( Table S1 ). 

Next, we used tests of GO enrichment to better understand the
unctions upregulated when soybeans respond to endophyte in-
culation ( Tables S2 and S3 ). Importantl y, most differ entiall y r eg-
lated genes w ere unkno wn and were not assigned GO terms (60%
nd 66% of inter action-r esponsiv e and Methylo main effect genes,
 espectiv el y; Table S1 ). Ne v ertheless, GO terms indicating str ess
nd defense were commonly upregulated (Fig. 2 ; Tables S2 and
3 ). Three terms (response to hypoxia; GO:0001666, seed matu-
ation; GO:0010431, and tryptophan catabolic process to kynure-
ine; GO:0019441) were in the top 10 most significant for both
ene sets. Additional GO terms related to stress and defense were
ot in the top 10 for one or both gene sets, but were significant
or both (response to chitin; GO:0010200, systemic acquired resis-
ance; GO:0009627, and response to osmotic stress; GO:0006970). 

Inspection of individual inter action-r esponsiv e genes acr oss
xperimental treatments, combined with their annotations, sug-
ests dynamic and context-dependent functional responses of
oybean leaves to endophyte inoculations. Ov er all, r esponses to
eth ylo inoculation w er e differ ent, and str onger, when Col2 was
ot pr esent, compar ed to dual inoculation; in the heatma p of

nter action-r esponsiv e genes, the transcriptomes of plants singly
noculated with Methylo clustered together and separ atel y fr om
ll other samples, whereas the Methylo + Col2 samples were most
imilar to uninoculated controls (Fig. 3 ). The 34 interaction-
 esponsiv e genes grouped into three clusters based on their re-
ction norm patterns (Fig. 3 ). The first cluster (Cluster 1) fea-
ures genes associated with defense and normal de v elopment
 Table S4 ) and was downregulated in response to single inocula-
ion of either Methylo or Col2, but expressed similar to baseline
control) under co-inoculation (Fig. 3 ). Cluster 3 features genes in-
olv ed in structur al maintenance and pr otein degr adation; these
enes responded opposite to Cluster 1 and wer e upr egulated in
esponse to single inoculation with either Methylo or Col2 but
 emained downr egulated in co-inoculation (Fig. 3 ). Finall y, genes

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf053#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf053#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf053#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf053#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf053#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf053#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf053#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf053#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf053#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf053#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf053#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf053#supplementary-data
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Figure 2. Gene Ontology (GO) terms for genes that responded significantly to (A) Methylo x Col2 interaction, or (B) the main effect of Methylobacterium . 
Top GO terms are ranked by their P -values in a Fisher’s Exact Test along the Y -axis, while the X- axis (Rich factor) represents the ratio of significant 
genes to annotated genes for each GO category. The size of the dots represents the number of significant genes on each GO category. 
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in Cluster 2 ar e mostl y unc har acterized, but ar e a gain consistent 
with stress and pathogen responses; these genes were upregu- 
lated by single inoculation of Methylo , compared to all other treat- 
ments (Fig. 3 ). 

Of the 298 genes that responded to the main effect of Methylo ,
195 genes were upregulated compared to controls, while 103 genes 
w ere do wnregulated ( Fig. S3 ). Both up- and downregulated genes 
featur ed annotations involv ed in str ess and defense r esponse,
gene r egulation, tr ansmembr ane tr ansport, and lipid metabolism 

( Table S1 ). Ho w e v er, upr egulated genes also included “response to 
c hitin” (six genes), “pr oteol ysis” (four genes), and “cell redox home- 
ostasis” (four genes). By contr ast, downr egulated pr ocesses in- 
cluded “amino acid tr ansmembr ane tr ansport” (thr ee genes) and 
auxin-activated signaling pathw ay” (tw o genes). In sum, our tran-
criptome results indicate that plants respond to inoculation with 

hese facultativ el y beneficial micr obes via both known and un-
escribed signaling and defense mechanisms, and that inocula- 
ion with some leaf endophytes (e.g. Colletotrichum ) can have non-
d diti v e, e v en r epr essiv e effects on plant responses to other en-
ophytes (e.g. Methylo ). 

iscussion 

nteractions between plants and their dominant phyllosphere 
ndophytes have important effects on plant nutrition, abiotic 
tr ess toler ance, and disease r esistance—but occur within div erse

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf053#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf053#supplementary-data
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F igure 3. So ybean leaf transcriptomic responses to the interactive effects of inoculation with Methylobacterium and Colletotrichum ( Col2 ) leaf endophytes. 
Shown is the heatmap of 34 genes that responded significantly to the Methylo x Col2 interaction; three clusters delineate genes that responded 
similarly. On the right are reaction norm plots showing that gene expression in each of the three clusters depends on the interaction of both 
endophytes, along with significant functions indicated by GO analysis. 
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2  
icrobiomes whose composition and phenotypic effects can
 hange acr oss abiotic and biotic envir onments. Her e, w e sho w that
he dominant foliar endophytes of soybean influence plant growth
nd transcriptomic responses, but that these effects are modu-
ated by the microbial conditions in which they occur. We also
how that transcriptomic effects on the plant under sterile soil
onditions are dependent on the combination of microbes present
n the phyllosphere, with regulatory differences suggesting micro-
ial mediation of genes related to stress , defense , and pathogen
esponse. We discuss the possible explanations for, and implica-
ions of, these main results below. 
d  
henotypic effects of endophytes are 

ontext-dependent 
e found that all endophyte treatments used in this study led

o increased plant growth in the greenhouse under axenic con-
itions, but not when plants were inoculated with field soil mi-
r obes. Soybeans gr owing in sterilized soils are missing many
oot symbionts, including bacterial and fungal mutualists such
s rhizobia and mycorrhizal fungi, which are w ell-kno wn to
mpr ov e nutrient and water acquisition (Hartnett and Wilson
002 , Kumawat et al. 2019 ). Our work suggests that the en-
ophytes studied here confer benefits to host plants, but that



Marquez et al. | 7 

 

 

a  

d
t  

t  

t
c
n
c

I
e
U  

f  

g  

s  

t  

n  

b
t  

e  

f  

i  

g  

t  

t  

a  

o
w  

B  

a
g  

c
t

 

f  

s  

s  

b
t
t  

i  

v  

b
s  

i  

u  

a
s  

u  

n
c
s  

d  

t  

a  

u  

a
q  

2  

p
o

these effects might be facultative or harder to detect under 
mor e natur al conditions wher e plants inter act with div erse mi- 
cr obial taxa, whic h might themselv es confer lar ger fitness ben- 
efits, precede endophyte colonization, and/or compete better for 
shar ed nic hes, including phyllospher e. Indeed, Azad and Kamin- 
skyj ( 2016 ) found that tomato plants had higher biomass when 

inoculated with endophytes (compared to control plants), but 
only under salt or drought stress. A meta-analysis of plant stress 
mitigation by endophytes showed that endophytes increased 

biomass accumulation of host plants under dr ought, nitr ogen de- 
ficiency, and excessive salinity in forty-two plant species (Rho 
et al. 2018 ). Notably, our soybeans grown in sterilized soil did 

not have access to Bradyrhizobium symbionts, which are known 

to be important for Nitrogen-based mutualism with soybean 

(Mazur et al. 2024 ). 
Beyond their direct effects on plant growth in microbially de- 

pauperate conditions, these endophytes might play other roles in 

plant health in the field via their interactions with other taxa. Col- 
letotrichum is a di verse gen us and includes members known to in- 
hibit other parasitic fungi from infecting plant leaves (Rodriguez 
and Redman 2008 , Vorholt 2012 ). Infection of mutualistic or com- 
mensal fungi can simply decrease the space available for parasitic 
fungi (Heydari and Pessarakli 2010 , Terhonen et al. 2019 ) or might 
hav e mor e dir ect competitiv e or exclusionary effects on other mi- 
crobes (Afkhami et al. 2021 ). These types of context-dependent,
multi-player effects make predicting the direct impact of any par- 
ticular taxon in the microbiome difficult. Simplified experiments 
under tightly controlled conditions can overestimate the effects 
of single taxa (Anderson et al. 2013 ) or alternativ el y fail to de- 
tect important effects because they only occur in some condi- 
tions. Ho w e v er, estimating the fitness benefits traded between a 
host and a particular symbiont in the presence of a diverse com- 
m unity r emains a c hallenge . No v el a ppr oac hes in micr obial ecol- 
ogy have helped enable rapid progress in measuring microbial fit- 
ness (Koskella and Vos 2015 , Burghardt 2020 , Mendoza-Suárez et 
al. 2021 , Burghardt et al. 2022 ), non-ad diti ve effects of complex 
micr obial comm unities on host tr aits (P ac heco et al. 2021 ), and 

e v en the implications of various abiotic and biotic treatments on 

micr obial eco-e volution ( e.g . Lau and Lennon 2012 , Koskella and 

Vos 2015 , Ricks and Yannarell 2023 ). 
Micr obial comm unities, and their concomitant effects on host 

growth and fitness, are likely to be altered under rapid environ- 
mental change. In Christian et al. 2021 , we found that Methylobac- 
terium decreased in abundance while Colletotric hum incr eased in 

abundance in ele v ated [CO 2 ] envir onments. The implications of 
these and other microbial community shifts for soybean produc- 
tion ar e curr entl y difficult to pr edict. The health of nativ e plant 
comm unities and a gricultur al cr ops is pr edicted to suffer under 
rising temper atur es, fr equent dr ought, and incr eased ozone due 
to negative effects on photosynthesis and plant defense (Ayres 
1984 , Anderegg et al. 2015 , Montes et al. 2022 ). Although many 
plants experience a fertilization effect of ele v ated [CO 2 ], these and 

other environmental factors can even negate this effect (Ruiz- 
Vera et al. 2013 , Jin et al. 2018 ). Ne v ertheless , endophytes , epi- 
phytes, and soil microbial communities might be more resilient 
to such changes, and some may be better than others at toler- 
ating novel conditions (Cruz-Martínez et al. 2009 , Kashyap et al.
2018 ). It is possible that host plants might select endophytic fungi 
that can tolerate higher stresses as plants are exposed to ele- 
vated heat and drought conditions and degraded soils (Saikko- 
nen et al. 2004 ). The immigration of microbial taxa from areas 
matching the future environmental conditions of an ecosystem 

might e v en pr omote toler ance to climate c hange factors (Allsup 
nd Lankau 2019 ). Given their role in plant stress tolerance, pre-
ictive models of how changes in soybean endophyte communi- 
ies will feed back to alter plant health under heat and drought
olerance will be critical (Morsy et al. 2020 ). Our data highlights
hat environmental and community dynamics insert a layer of 
ontext-dependenc y betw een the effects measured in simple ma- 
ipulative experiments and the implications for plants in real 
ommunities. 

nteracti v e effects of endophytes on the 

xpression of plant defense genes 

sing single and co-inoculation combined with RN Aseq, w e
ound that Methylo and Col2 had inter activ e effects on soybean
ene expr ession. Notabl y, single inoculation with Methylo had the
trongest effects on host gene expression, but the presence of Col2
ended to dampen this response. In Christian et al. ( 2021 ), commu-
ity shifts in response to [CO 2 ] as well as inhibition of Col2 growth
 y Meth ylobacterium on agar plates suggested competition between 

hese two taxa both in the plant leaf and in vitro . We note, how-
 v er, that the assays from Christian et al. ( 2021 ) also suggested
acilitation of Col1 by Methylo, for which we found little evidence
n our phenotypic or expression data. In fact, Col1 conferred the
reatest plant growth benefit in single inoculation, but we found
hat this isolate had little effect on plant gene expr ession. Ov er all,
he magnitude and direction of leaf transcriptomic changes in vivo
r e not al ways pr edictable fr om in vitro assa ys , and the magnitude
f the plant transcriptomic response does not necessarily scale 
ith the phenotypic effect on plant growth and fitness (Ramírez-
ahena et al. 2024 ). These findings suggest that interactions
mong endophytes influence both plant defense mechanisms and 

ene r egulation, sha ping ho w host plants per ceive endophytic
olonization and driving synergistic effects that alter the leaf 
ranscriptome. 

Our results suggest that, at least under sterile conditions, dif-
er ential r egulation of soybean defense signaling occurs in r e-
ponse to the combination of micr obes pr esent in the phyllo-
phere. Bacteria and fungi use a variety of mechanisms to avoid
eing perceived as pathogens using enzymatic activity, transcrip- 
omic or signaling transduction systems to regulate host recep- 
ors , miRNA, kinases , or imm une r esponses (Chen et al. 2022 ). Our
nter action-r esponsiv e genes in Cluster 3 suggest that genes in-
olved in plant responses to tissue damage, drought, and micro-
ial and nematode pathogens (including genes annotated as “re- 
ponse to chitin”) are upregulated when either Methylo or Col2 is
noculated individuall y, but inter estingl y not when they ar e inoc-
lated together. Other genes in Cluster 1, involved with defense
nd responses to environmental stressors like water scarcity or 
tarv ation, wer e r egulated in the opposite direction (downreg-
lated when either Methylo or Col2 is present individually, but
ot together, compared to controls). Based on functional asso- 
iations derived from soybean as well as plants like Arabidop- 
is , rice, and apple ( Table S4 ), it is difficult to interpret how
efense loci in Cluster 3 and Cluster 1 interact within regula-
ory networks associated with abiotic and biotic stress response,
nd thus why some ar e upr egulated while others are downreg-
lated. Indeed, e v en in the best-studied symbioses like legumes
nd rhizobia, the interplay of defense upregulation and subse- 
uent downregulation is still being worked out (Grundy et al.
023 ). Ne v ertheless, our r esults indicate that host plants perceive
h yllosphere endoph ytes differently depending on the presence 
f other endophytes. 

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf053#supplementary-data
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Inter activ e tr anscriptome effects between Meth and Col2 may
rise fr om m utual inhibition, syner gistic signaling enhancing
lant colonization, and/or stress regulation. Our Col2 and Methylo
trains might simply inhibit each other’s growth and thus ei-
her’s ability to colonize the plant (Christian et al. 2021 ). How-
 v er, as studied in beneficial interactions among microbes,
acteria and fungi infecting leaf tissue r el y on effectors that en-
ble them to e v ade plant defense (Wang et al. 2022 ). T hus , an-
ther interesting possibility is that, on their own, either individ-
al endophyte might not have the full set of effectors necessary
o attenuate plant defense responses, but together they are ef-
ectiv el y complemented by those of the other endophyte; here,
he endophytes might benefit from the presence of each other,
nd ther eby potentiall y benefiting the host when conditions are
ight. Synergistic effects of co-inoculation of different endophytes
n leaves might be like those reported in diverse microbe commu-
ities, wher e pathogenesis-r elated genes, c hanges in secondary
etabolism, and signaling pathways that depend on the effects

aused by more than one microbe help host growth or resilience
o stress ( e.g . Oukala et al. 2021 , Liu et al. 2020 , Ben Gaied et
l. 2024 ). T he in volv ement of str ess-r esponse genes might also
uggest that these microbial players might interact with abiotic
n vironmental factors , such as drought, heat, or nutrient defi-
iency (e.g. Siebers et al. 2015 , Dubey et al. 2021 , Agunbiade and
abalola 2024 ). 

While Col2 seems to dampen host transcriptomic responses
o colonization, inoculation with Methylo resulted in the upreg-
lation of hundreds of soybean genes involved in defense re-
ponses. Genes in inter action-r esponsiv e Cluster 2 were upregu-
ated in response to Methylo but only when Col2 was absent and
ere annotated as involved in defense mechanisms, pathogen re-

ponse, mucigel formation, desiccation, and salt stress responses.
urthermor e, man y mor e genes r esponded significantl y to the
ain effect of Methylo but not the main effects of Col2 or the in-

eraction of Methylo x Col2. These observations suggest that in-
culation with Methylo had m uc h str onger effects on the soy-
ean tr anscriptome, compar ed to those of Col2 . These effects are
onsistent with many studies showing strong transcriptomic re-
ponses to single microbe infection by various bacteria, fungi, and
iruses (Wang et al. 2023 ). Colletotrichum might have attenuation
echanisms for these defense and pathogen responses indepen-

ent from the presence of other microbes (Liang et al. 2018 ). Al-
hough the fitness benefits that microbes could receive from the
lant or from each other were not measured here, it is possi-
le that Methylo r eceiv es bystander benefits by being faced with
ttenuated plant responses against microbes . T hus , given their
bundance in natural phyllosphere communities, Colletotrichum
pecies might be very important in diverse microbial communi-
ies by alternately facilitating, or competing with, other microbial
olonizers—with host effects depending on the identity of would-
e colonizers. 

onclusions 

ur findings indicate that foliar endophytes impr ov ed soybean
rowth and fitness, but only when plants were grown in sterile soil,
nd that the presence of field soil microbes swamped these ef-
ects . T he complex transcriptional responses of Glycine max to in-
culation were similarly community-dependent, indicating non-
d diti ve effects of these potentially mutualistic bacterial and
ungal endophytes in diverse natural communities. Such strain-
pecific and synergistic responses underscore the need for a more
ec hanistic and pr edictiv e understanding of plant–micr obe inter-
ctions and thus their implications for crop adaptation and eco-
ogical dynamics under a changing climate. 
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