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ABSTRACT

Endophytes are potential partners for improving the resource use efficiency of
bioenergy feedstock systems such as short rotation coppiced Populus. Endophytes
isolated from members of the Salicaceae family have broad host compatibility and can
improve water use efficiency (WUE) through decreases in stomatal conductance.
However, the literature is inconsistent with regards to the environmental conditions and
temporal patterns of these benefits. This study investigates how endophyte mediated
changes in Populus trichocarpa (Torr. and Gray) ‘Nisqually-1’ stomatal conductance
and WUE shift with time and scale in response to water-deficit stress. Leaf gas-
exchange and aboveground productivity were used to evaluate the carbon and water
balances of glasshouse grown plants in response to endophyte inoculation and water-

deficit. Differences in stomatal conductance between control and inoculated plants were



more pronounced (39.7 % decrease, Welch’s two-sample t(14.34 df,g) = -2.358, p-value
= 0.033) under water-deficit conditions in the late morning during a period of higher light
intensity. The decrease in stomatal conductance accompanied a substantial increase in
intrinsic WUE (iWUE) for water-deficit inoculated plants. However, increases in iWUE
did not result in improvements in aboveground productivity or shoot biomass WUE
(WUEg) for water-deficit inoculated plants. This decoupling between iWUE and
aboveground productivity may be an indicator of assimilate allocation to microbial
metabolism as an additional carbon sink or a shift in carbon allocation towards
belowground biomass. Future work should take a whole-plant approach that accounts
for diurnal patterns in incident irradiance to evaluate the impact of endophyte inoculation
on host WUE and stress tolerance.
KEYWORDS
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INTRODUCTION

Members of the plant genus Populus are ideal candidates for short rotation
coppice systems planted on marginal lands to sustainably produce bioenergy
feedstocks (Tuskan 1998). To maximize sustainability, careful consideration must be
given to the resource use efficiency and biogeochemical outcomes of these production
systems and requires a broad assessment of plant genotype, ecosystem interactions,
and management practices (Davis et al. 2013). With a wide distribution across latitudes,

elevations, and watersheds, the model tree species, Populus trichocarpa, is a diverse
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genetic resource with equally diverse phenotypes (Gornall and Guy 2007; Mckown,
Guy, et al. 2014; Holliday et al. 2016; Chhetri et al. 2019; Liu and El-Kassaby 2019;
Zhang et al. 2019). This diversity has been used to develop mapping populations and
generate hybrids with other members of genus Populus for enhanced biomass
productivity under managed settings (Bunn et al. 2004; McKown and Guy 2018; Ahmed
et al. 2020). Natural variation in traits underlying water use efficiency (WUE) such as
stomatal patterning, stomatal conductance, and mesophyll conductance may be
selected upon to further improve the resource use efficiency of Populus
(Soolanayakanahally et al. 2009; Mckown, Klapsté, et al. 2014). However, breeding for
improved WUE remains difficult due to biophysical limitations in the exchange of CO, for
H,O through stomata as well as tradeoffs between stomatal conductance and disease
resistance (Leakey et al. 2019; McKown et al. 2019).

Inoculation with endophytes, beneficial microbes that live inside plant hosts, can
potentially alleviate breeding bottlenecks and expand the range of plant phenotypic
plasticity especially in response to our rapidly changing climate (Weyens et al. 2009;
Nogales et al. 2016; Bell et al. 2019). Diverse endophytes have been shown to provide
a wide range of plant hosts with benefits including enhanced nutrient acquisition,
increased rooting, pest and pathogen defense, improved abiotic stress response, and
general increases in productivity (Liu et al. 2017; Rho, Hsieh, et al. 2018). In exchange,
host plants provide a suitable growth environment, primarily in intercellular spaces, and
supply carbohydrates, amino acids, and inorganic nutrients (Kandel et al. 2017). The
outcomes of plant-microbe interactions are highly context dependent and can shift

between positive, neutral, or negative with different combinations of host genotype,
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microbe community composition, and environmental conditions (Sapp 2004; Trivedi et
al. 2020). Therefore, understanding the mechanisms underlying these interactions is
necessary to fully utilize this symbiotic relationship in plant production systems and to
make accurate predictive models that can inform the role of endophytes in
management, conservation, and phytoremediation strategies.

Members of the family Salicaceae, which includes P. trichocarpa and Salix
sitchensis, are also associated with endophyte communities. Salicaceae associated
endophytes occur as communities that vary with the geography and climates of their
host origin (Firrincieli et al. 2020). Under controlled conditions, endophytes isolated from
Salicaceae have been shown to improve host productivity, tissue nitrogen content,
phosphorous solubilization, drought stress resilience, and soil pollutant degradation
relative to non-inoculated control plants (van der Lelie et al. 2009; Knoth et al. 2014;
Khan et al. 2016; Doty et al. 2017; Varga et al. 2020). In addition to benefiting their
original isolate hosts, endophytes isolated from Salicaceae also have demonstrated
cross species host compatibility and growth promotion in diverse hosts including Zea
mays, Solanum lycopersicum, Lolium perenne, and Pseudotsuga menziesii (Khan et al.
2012; Knoth et al. 2013; Kandel et al. 2015; Khan et al. 2015; Rho, van Epps, et al.
2018). This broad host range suggests that curated endophyte communities may be a
valuable tool for accelerating plant improvement and climate change adaptation.

Various mechanisms may explain how endophyte communities potentially benefit
their host. Diazotrophic endophytes such as WP5 (Rahnella aceris) and WPB
(Burkholderia vietamiensis) are able to fix atmospheric N, (Varga et al. 2020; Doty et al.

2009; Xin, Glawe, et al. 2009; Firrincieli et al. 2015). Up to 65 % of the nitrogen used by
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hybrid poplar clone ‘H11-11" (Populus trichocarpa x Populus deltoides) grown under low
nitrogen conditions was provided by diazotrophic endophytes (Knoth et al. 2014). Many
strains are capable of producing phytohormones in vitro such as salicylic acid, jasmonic
acid, indole acetic acid (IAA), abscisic acid (ABA), gibberellins, and brassinosteroids
which prime and modify plant responses to biotic and abiotic stress (Khan et al. 2016).
Strains such as WP1 (Rhodotorula graminis) and PDN3 (Enterobacter asburiae) are
high IAA producers. Endophyte genome sequencing has identified putative genes
related to abiotic stress tolerance (Firrincieli et al. 2015) . Under drought stress, hybrid
poplar ‘OP367’ (Populus deltoides x Populus nigra) and Oryza sativa ‘M-206’ inoculated
with Salicaceae endophytes have been shown to reduce stomatal conductance, sustain
photosynthesis, and increase root-to-shoot ratio (Khan et al. 2016; Rho, van Epps, et al.
2018).

The physiological impacts of plant-endophyte interactions may vary with time of
day. In particular, stomatal conductance patterns throughout the day are mediated by
osmolyte and phytohormone trends, both of which may be modified by endophyte
activity (Kandel et al. 2017; Kumar et al. 2020). Khan et al. (2016) and Rho et al. (2018)
observed the greatest differences in stomatal conductance between non-inoculated and
inoculated hybrid poplar and rice in the late afternoon but did not report diurnal patterns
of light intensity. While the decreases in stomatal conductance observed in Rho et al.
(2018) with rice did not correspond with an increase in intrinsic WUE, they did result in
an improvement to biomass WUE at harvest. Studies of Lolium arundinaceum infected

with fungal endophytes have also observed reductions in stomatal conductance in
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response to inoculation but did not track diurnal light trends or relate changes in leaf
gas-exchange to productivity (EImi et al. 1995; Swarthout et al. 2009).

Due to the wide variety of host systems, environments, stresses, and times of
day investigated throughout the plant-endophyte literature, it can be difficult to
effectively maximize the potential benefits and applications of plant-endophyte
interactions. This study uses a consortium of endophytes originally isolated from
Salicaceae to inoculate a model tree species, Populus trichocarpa (Torr. and Gray)
‘Nisqually-1’, closely related to the natural host system. As it is unlikely that a single
strain will provide complete drought tolerance to host plants, a consortium of selected
strains is employed. Previous data with a 10-strain consortium in hybrid poplar ‘OP367’
(Populus deltoides x Populus nigra) and a 12-strain consortium in Pseudotsuga
menziesii conferred drought tolerance to the host plants (Khan et al. 2015; Khan et al.
2016). For this study, we sought to narrow down to 5 strains based on commonality
between the previous consortia, on genomic analysis for presence of genes known to
be involved in stress tolerance, and on results from field tests (Doty et al. 2017). This
study seeks to: (1) assess the temporal pattern of how endophytes mediate the gas-
exchange response to water deficit, and (2) determine if changes in leaf level intrinsic
WUE (iWUE) correspond with changes in aboveground productivity and shoot biomass
WUE (WUEsy,). By using WUE to screen for the endophyte consortium’s effectiveness,
this study tests the hypotheses that differences in stomatal conductance are greater
when light is highest, endophyte inoculated plants have higher iWUE, and endophyte
inoculated plants have higher productivity compared to non-inoculated plants grown

under water-deficit.
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METHODS
Endophyte strains and inoculum preparation

The inoculum included five endophyte strains, WPB, WP5, WW5, WP1, and
PDN3, selected for their ability to fix N, and enhance host productivity and abiotic stress
resistance (Table 1). For inoculum preparation, each strain was grown in 10 ml MG/L
broth (Cangelosi et al. 1991) without biotin (per liter: 5 g tryptone, 2.5 g yeast extract,
5.2 g sodium chloride, 10 g mannitol, 2.32 g sodium glutamate, 0.5 g potassium
phosphate monobasic, and 0.2 g magnesium sulfate heptahydrate). Strains were
grown with shaking at 30 °C overnight, and cells harvested by centrifugation at 6000 g
at 4 °C for 10 minutes before being resuspended in approximately 2 ml nitrogen free
media (NFM, Doty et al. 2009). Optical densities (ODggg) were assessed for each of the
5 strains, and each concentrated suspension was diluted to an ODgg of 0.1 using NFM.
Equal volumes of each adjusted suspension were then mixed to produce an inoculum
with an overall ODgg of 0.1 with each strain equally represented.
Plant materials, growth conditions, and treatment application

The experiment was conducted in between day of year (DOY) 73 and DOY 127
2021 at the Douglas Research Conservatory at the University of Washington, Seattle.
Forty tissue culture-grown, internally sterile Populus trichocarpa (Torr. and Gray)
‘Nisqually-1’ 8 week old rooted clones were used as host plants. After one day in V2
strength Hoagland’s solution (Hoagland and Arnon 1950) to rinse off adhering agar, 20
plants were randomly selected for transfer to 50ml beakers containing 20 ml of the
inoculum. To maintain the axenic conditions, the beakers with the plants were

maintained in sterile Magenta vessels (Caisson Labs, Smithfield, UT, USA). The
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remaining 20 plants were mock-inoculated in NFM in Magenta vessels. Five days after
inoculation (DAI), plants were transplanted into 840 ml pots (Dillen Products,
Middlefield, OH, USA) each containing an average of 270 g of air-dried Sunshine Mix #2
(Sun Gro Horticulture, Agawam, MA, USA), wetted with deionized water, and placed
under a mist tent to promote establishment for one week. The plants were then
arranged in a randomized complete block design with 10 complete blocks under a
glasshouse where they experienced an average 21 °C temperature, 58 % relative
humidity, and a 14/10 hour light/dark photoperiod from supplemental LED lamps
(ZELION HL300 Grow White, OSRAM Sylvania Inc., Wilmington, MA, USA). Plants
were fertigated with a 175 ppm 17-17-17+ Nutriculture liquid nutrient solution (Plant
Marvel Laboratories Inc., Chicago Heights, IL, USA) and the amount of water or nutrient
solution added to the pots was recorded throughout the experiment.

Pots were placed on saucers to minimize cross-contamination of endophyte
treatments through watering run-off. Portions of measurement equipment that contacted
plant tissue or potting media were disinfected with 70 % ethyl alcohol. Nitrile gloves
were worn for plant handling and were changed between endophyte treatments.

23 DAI, 10 mock-inoculated and 10 endophyte-inoculated plants were randomly
assigned to undergo water-deficit treatment while the remaining plants continued to
receive well-watered conditions. The target well-watered condition was 85 % of pot
water holding capacity and the target water-deficit condition was 33 % of pot water
holding capacity. Pot moisture content was determined by weighing pots every 2-3 days
and converted to a percentage of water holding capacity using the ratio of oven-dried

media weight to the weight of potting media at full water holding capacity. The
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contribution of plant tissue to the pot system’s weight was assumed to be negligible.
These values were used to determine the amount of water or nutrient solution
necessary to maintain the pot at a target water holding capacity for the well-watered and
water-deficit treatments. At each watering event, water was added slightly in excess of
the 85 % and 33 % targets such that the average WHC throughout the treatment
duration was near these targets. The water holding capacity of water-deficit pots
plateaued at 40 DAI and was maintained at an average of 35.3 £ 0.7 % for an additional
14 days until destructive harvest (Figure 1A). Well-watered pots were maintained at an
average of 80.6 + 1.9 % of water holding capacity during the period of differential
irrigation. In total, each well-watered plant received an average of 1670 ml of irrigation
and each water-deficit plant received an average of 660 ml of irrigation over the course
of the experiment (Figure 1B). To determine water holding capacity, a test set of pots
containing air dried media was weighed and then brought to saturation. The pot tops
were sealed to prevent water loss through evaporation, allowed to percolate with gravity
for three days, weighed to determine pot water holding capacity, placed in a 65 °C oven
for one week, and weighed once more. The initial weight of air-dried media in each
experimental pot was recorded and the ratio between air-dried and oven-dried media
weight was used to convert the pot’s wet weight to a percentage of water holding
capacity. Empty pot weights were not tracked to account for soil evaporation. Changes
in pot weight between irrigations were the result of total evapotranspiration. Potential
differences in soil evaporation between treatments were not specifically examined.

Measurements
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Diurnal time course measurements of stomatal conductance to water vapor (gsw,
mol m2 s') and light-adapted chlorophyll fluorescence (PPSII) were collected using a
LI-600PF porometer/fluorometer (LI-COR Biosciences, Lincoln, NE, USA).
Measurements were collected on 45 DAI at 2-hour intervals between 08:00 and 16:00
(hh:mm) from the youngest fully expanded leaf from all replicates (n = 10). These
diurnal measurements were used to determine the time of day where differences in
stomatal conductance and chlorophyll fluorescence between endophyte treatments
were most pronounced.

The chlorophyll content of the youngest fully expanded leaf on each plant was
estimated on 46 DAI using a SPAD 502 hand-held chlorophyll meter (Konica Minolta
Sensing Americas Inc., Ramsey, NJ, USA). Plant height (mm) was measured on 54 DAI
as the distance between the base of the plant and the shoot apical meristem on the
main axis of the plant.

Survey leaf gas-exchange measurements were collected from the youngest fully
expanded leaf on each plant in seven blocks (n = 7) on 54 DAl at 10:00 using a LI-6800
portable photosynthesis system (LI-COR Biosciences, Lincoln, NE, USA). Net CO,
assimilation rate (A,, umol m= s-') and stomatal conductance (gsw, mol m-2 s') were
calculated according to the equations of Farquhar, von Caemmerer, and Berry (1980).
The conditions inside the gas-exchange measurement cuvette were set to match
ambient conditions at the time of collection, with a light intensity of 500 umol m2 s, a
relative humidity of 60 %, and a block temperature of 25 °C. The [CO,] of the air flowing
into the cuvette was set to 400 umol mol-'. A, and gs were used to calculate intrinsic

water use efficiency (A, / gs = IWUE, umol mol).
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Immediately following leaf gas-exchange measurements, the measured leaf was
removed and imaged for area estimation (ImageJ, NIH, Bethesda, MD, USA) using a
copy stand equipped with a Nikon d5300 DSLR camera (Nikon USA Inc., Melville, NY,
USA). The leaf was then dried at 65 °C for 72 hours and weighed to determine specific
leaf area (SLA, mm? mg-"). The aboveground tissue of each plant was harvested on 54
DAI, dried at 65 °C for 72 hours, weighed, and summed with the weight of the leaf
sampled for SLA to determine aboveground biomass productivity. Dry aboveground
biomass and the total volume of water or nutrient solution supplied to the pots were
used to estimate shoot biomass water use efficiency (WUEg,, mg L-'). Measurements of
SPAD, SLA, aboveground biomass productivity, and WUEg, were collected from all
replicates (n = 10).

Statistical analysis

Data were analyzed using R, version 4.0.3 (R Core Team 2021). Orthogonal
contrasts were performed using a two-sample Welch’s t-test between non-inoculated
and endophyte inoculated treatments within each well-watered and water-deficit
condition. The adjusted degrees of freedom (df,g;), t-statistic, and p-value are reported.
In addition, to test inoculation and irrigation treatment effects and their interactive effect,
a two-way analysis of variance (ANOVA) using aov() in base R was performed on two
factors each with two levels resulting in four treatment combinations: Well-watered
Control, Well-watered Inoculated, Water-deficit Control, Water-deficit Inoculated. Blocks
were treated as a fixed effect in the model. The assumption of homogeneity of
variances was assessed with the Levene’s test using the ‘car’ package in R (Weisberg

2019). For repeated measures of gs and ®@PSII, - both the orthogonal contrasts and
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two-way ANOVA was performed at each timepoint. Data were visualized using the R
package ‘ggplot2’ (Whickham 2016).
RESULTS

Diurnal measurements of stomatal conductance and ®PSII were collected on 45
DAI. Over the course of the day, stomatal conductance was consistently lower in water-
deficit plants compared to well-watered plants regardless of inoculation treatment
(ANOVA: df = 1, p-value < 0.001, Figure 2A, Supplemental Table 1). At 08:00,
inoculated plants had 10 % greater stomatal conductance than non-inoculated plants
under well-watered conditions (Welch's two sample t(17.95 df,q) = 2.71, p-value =
0.015). At 10:00, inoculated plants had 39.7 % lower stomatal conductance than non-
inoculated plants under water-deficit (Welch’s two-sample t(14.34 df,g) = -2.358, p-
value = 0.033) and 9.5 % lower stomatal conductance under well-watered conditions
(Welch'’s two-sample t(16.48 df,qj) = -2.21, p-value = 0.042). All plants had similar ®PSlII
values between 08:00 and 10:00 (ANOVA: df = 1, p-value > 0.05, Figure 2B,
Supplemental Table 2). Between 12:00 and 16:00, water-deficit plants had significantly
lower ®PSII than well-watered plants regardless of inoculation treatments (ANOVA: df =
1, p-value < 0.01). PPFD was greatest (average value = 535.65 pmol m=2 s') at the
10:00 timepoint (Figure 2C).

Survey leaf gas-exchange measurements were collected beginning at 10:00 on
54 DAI. Water-deficit plants had lower rates of assimilation and stomatal conductance
than well-watered plants in both inoculation treatments (ANOVA: df = 1, p-value <
0.001, Figure 3A; ANOVA: df = 1, p-value < 0.001, Figure 3B; Supplemental Table 3).

Under water-deficit conditions, inoculated plants had significantly lower stomatal

12
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conductance than non-inoculated plants (Welch'’s two-sample t(9.0355 df,q) = -2.4, p-
value = 0.038), Figure 3B) and significantly greater intrinsic water use efficiency (iWUE,
Welch'’s two-sample t(5.4113 df,q) = 2.64, p-value = 0.043, Figure 3C)..

Under water-deficit conditions, leaf chlorophyll content assessed as SPAD values
was greater in inoculated plants compared to non-inoculated plants (Welch’s two-
sample t(17.984 df,q) = 2.7442, p-value = 0.01, Figure 4A). Specific leaf area (SLA) did
not respond to inoculation and was greater in well-watered plants than water-deficit
plants regardless of inoculation treatment (Figure 4B, Supplemental Table 4). Within
each of the water treatments, inoculation did not have an effect on aboveground
biomass, plant height, and WUEg,. Regardless of inoculation, aboveground biomass,
plant height, and WUEg, were consistently greater in well-watered plants than water-
deficit plants (Figure 5, Supplemental Table 4).

DISCUSSION

The endophyte strains used in this study reduced Populus trichocarpa stomatal
conductance under water-deficit in a time-of-day dependent manner. Photosynthesis
assessed by net assimilation rate and ®PSII were reduced by water-deficit stress but
not significantly impacted by endophyte inoculation. The reduction in stomatal
conductance accompanied an increase in \WUE. However, this improved iWUE did not
correspond with an improvement in aboveground biomass productivity or WUEgy,.

The reduction in stomatal conductance in response to inoculation is consistent
with other studies that tested Salicaceae endophytes on hybrid poplar clone ‘H11-11’
(Populus trichocarpa x Populus deltoides) and Oryza sativa ‘M-206’ as well as tall

fescue (Festuca arundinaceae) inoculated with a fungal endophyte under drought
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conditions (EImi and West 1995; Swarthout et al. 2009; Khan et al. 2016; Rho et al.
2018). With the exception of Rho et al. (2018), these studies observed stomatal
conductance at a single afternoon timepoint. Rho et al. (2018) observed the greatest
differences in stomatal conductance between non-inoculated and inoculated plants in
the late afternoon. In contrast, in the present study, the impact of endophyte inoculation
on stomatal conductance was greatest under water-deficit conditions in the late morning
(Figure 2A), during the period of greatest light intensity (Figure 2C).

Multiple mechanisms may contribute to an altered diurnal pattern of stomatal
conductance in response to endophyte inoculation. Light influences stomatal
conductance via control of stomatal aperture at short time scales (Sharkey and Raschke
1981; Farquhar and Sharkey 1982). Although diurnal courses of light intensity were not
reported, in rice inoculated with Salicaceae endophytes, the most pronounced
differences in stomatal conductance occurred in trials that experienced a greater daily
light integral (Rho, van Epps, et al. 2018). Light is needed to produce the common
currency of plant-microbe mutualism, photosynthates, and has been shown to modify
interactions between plants and their endophytes (Davitt et al. 2010; Heath et al. 2020).
Sucrose is a key metabolite that controls stomatal aperture by acting as an osmolyte
and an energetic substrate (Talbott and Zeiger 1998; Medeiros et al. 2018; Lima et al.
2018). Endophytes utilize carbohydrates, including sucrose, produced by their host
(Kandel et al. 2017; Kumar 2020). This common need for sucrose between both host
and endophyte may change the pattern of sucrose concentration throughout the day.

Phytohormones such as ABA and IAA control the development of epidermal

patterning and influence stomatal behavior (Balcerowicz and Hoecker 2014; Le et al.
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2014). Increased ABA concentration was observed in endophyte inoculated rice plants
that also had decreases in stomatal conductance and stomatal density (Rho, van Epps,
et al. 2018). Salicaceae endophytes have been shown to produce a variety of
phytohormones in vitro (Khan et al. 2016). The endophytes used in the present
experiment were selected in part due to their ability to synthesize ABA and IAA and this
may explain the stomatal conductance response to water-deficit seen in inoculated
plants. While the current study was performed with a consortium of Salicaceae
endophytes, further testing of individual strains could help determine the degree to
which specific endophytes alter host phytohormone status and modify stomatal
patterning and conductance.

Improvements in iWUE by endophyte inoculation under water-deficit conditions
appear to be driven by the decrease in stomatal conductance and a maintenance of net
assimilation rate. Leaf WUE can be improved by either reducing the ratio between leaf
intercellular [CO,] and atmospheric [CO,] (leaf intercellular airspace [CO,] / atmospheric
[COy], Ci/ C,) or reducing the difference in vapor pressure deficit between the leaf
intercellular airspace and the atmosphere (leaf intercellular airspace vapor pressure
deficit — atmospheric vapor pressure deficit, W; - W,) (Leakey et al. 2019). C;/ C, can be
reduced by increasing intercellular [CO,] near the site of carboxylation by Rubisco. The
nitrogenase enzyme utilized by endophytes to fix N, is sensitive to O, and it is
suspected that the metabolic respiration of sucrose by endophytes creates a
microaerobic environment (Doty et al. 2009). Microbial respiration is estimated to
provide up to 57 % of the CO, assimilated by endophytes inoculated rice (Rho, Doty, et

al. 2018). This may contribute to an increased mesophyll conductance and improved
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leaf WUE when stomatal conductance is reduced (Flexas et al. 2016). In this way,
endophyte N, fixation potentially benefits host photosynthesis both by providing nitrogen
for Rubisco production and concentrating the substrate for Rubisco carboxylation, even
under conditions where stomatal closure may limit [CO,]. (W, - W,) can be reduced by
the aforementioned changes in stomatal responsiveness and also by changing canopy
architecture such that the microenvironment has reduced vapor pressure deficit.
Salicaceae endophyte inoculation increased branch number in Populus and tiller
number in Oryza sativa however the impact that these changes may have on the
canopy microenvironment is unknown (Knoth et al. 2014; Kandel et al. 2015).

The lack of significant increases in aboveground biomass productivity in the
present experiment is in contrast to other Populus studies that showed improved growth
in response to endophyte inoculation (Taghavi et al. 2009; Rogers et al. 2012; Knoth et
al. 2014; Khan et al. 2016). However, these experiments investigated the effect of
different endophyte strains and improved biomass productivity may not be a
generalizable response. Additionally, the lack of improved biomass productivity may be
due in part to this experiment’s short duration where destructive biomass harvest
occurred only 54 days after inoculation. In a study of Oryza sativa inoculated by
Salicaceae endophytes, inoculated plants were shorter than control plants in the first
month of growth but overtook them by the second and fourth months, suggesting a lag
before growth benefits accrue (Kandel et al. 2015). The increase in SPAD leaf
chlorophyll content of inoculated plants under water-deficit conditions (Figure 4A) and

the slight but non-significant productivity stimulations in inoculated plants under well-
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watered conditions (Figure 5A,B) suggest a positive trend of small compounding
benefits that may take time to become apparent.

The lack of a significant change in aboveground productivity may also be due to
an altered host carbon balance as a result of inoculation. Two ways that the host carbon
balance may shift in response to inoculation include (1) an increase in root-to-shoot
biomass allocation and (2) endophytes acting as a carbon sink. First, an increase in
root-to-shoot biomass allocation is a consistent response to Salicaceae endophytes
observed across several studies with hosts including hybrid Populus, Zea mays, Oryza
sativa, and Pseudotsuga menziesii grown under control, drought stress, and nitrogen
stress conditions (Khan et al. 2012; Knoth et al. 2013; Knoth et al. 2014; Kandel et al.
2015; Khan et al. 2015; Khan et al. 2016). Although some of these studies also reported
an increase in aboveground biomass in response to inoculation, that was not the case
in the present experiment (Fig 5A). The junctions at the emergence points of root hairs
and lateral roots are common entryways for bacterial endophytes (Kandel et al. 2017).
Changes in root-to-shoot biomass allocation and root system architecture may have
potential benefits for both endophyte colonization and host responses to stress. Root
system architecture exhibits wide phenotypic plasticity under stress and an increase in
root depth and root length density to areas where water is accessible are favorable
responses to drought (Comas et al. 2013; Brunner et al. 2015; Karlova et al. 2021). It
should be noted that belowground biomass and root system architecture were not
measured in the present study. Future efforts should take advantage of potting medias
that are suited to root excavation and make use of image-based root phenotyping

techniques to determine the degree to which endophyte inoculation alters root
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development. Second, endophytes metabolize photosynthates from their host and this
reflects a substantial cost to the plant. However, this can also stimulate rates of
photosynthesis due a change in carbon sink strength (Kaschuk et al. 2009; Rho et al.
2020). Because of their influence on the overall carbon and water balance of their host,
endophytes may influence how plants respond to stress through changes in hydraulic
conductance and carbon starvation (Flexas et al. 2006; Sevanto et al. 2014). Finally, the
lack of a significant improvement in aboveground productivity or WUEg, may be due to a
weak signal that was not detected with the current study’s methods and statistical
power.

This experiment and the broader literature show that plant-endophyte
interactions are highly context specific. In many cases, endophyte community
composition is dependent on sampling site, soil type, environmental conditions, and
abiotic stress (Gottel et al. 2011; Timm et al. 2018; Firrincieli et al. 2020; Morales
Moreira et al. 2021; Wipf et al. 2021). Even different classes of an abiotic stress, such
as acute progressive drought versus cyclic drought, can result in distinct endophyte
responses (Garcia et al. 2018). Furthermore, these interactions are sensitive to
seasonality and ontogeny (Shakya et al. 2013; Wagner et al. 2016; Ma et al. 2021).
Given the complexity of these interactions, it is important to relate host growth and
physiology responses to some metric of endophyte colonization. Future studies will
incorporate methods such as 16S rRNA sequencing or ddPCR with strain specific
primers to characterize endophyte colonization.

Characterizing these complex plant, endophyte, and environment interactions

can be aided by combining in-depth ecophysiological and microbiome measurements
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with advancements in high-throughput whole-plant phenotyping. A platform that
leverages thermal imaging for stomatal behavior, spectral imaging for aboveground
productivity and root system architecture, and spectral reflectance indices for endophyte
diversity and distribution would provide a more thorough evaluation of carbon budget
and water use responses to endophyte inoculation (Sanchez-Azofeifa et al. 2012;
Feldman et al. 2017; Mattupalli et al. 2019; Pignon, Fernandes, et al. 2021). The depth
and coordination of information from such an approach would better consider
endophytes as part of the host’s extended physiological phenotype (Whitham et al.
2003; Cregger et al. 2021). By considering the holobiont, endophytes may be
parameterized into existing process-based models that utilize leaf gas-exchange,
resource partitioning, and canopy structure to predict short rotation coppice Populus
productivity and realize the impacts endophytes may have on landscape scale resource
use and biogeochemical processes (Deckmyn et al. 2004; Amichev et al. 2010; Wang et
al. 2013; Morris 2018; Henner et al. 2020).
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TABLES

Table 1: Summary of endophytes used in consortium.

Strain Species
(original isolation source)

Characteristics

WP52a.b  Rahnella aceris
(wild poplar, P. trichocarpa)

WWS5 b Sphingobium sp.
(wild willow, Salix sitchensis)

WP1¢cd  Rhodotorula graminis
(wild poplar, P. trichocarpa)

WPB e Burkholderia vietnamiensis
(wild poplar, P. trichocarpa)

PDN3%9  Enterobacter asburiae

(hybrid poplar, P. deltoides x
P. nigra OP-367 )

References:

N-fixation, P-solubilization, trehalose
production, PQQ antioxidant
production

High performer in agricultural field
trials

IAA production, root induction,
trehalose production, butane-2,3-diol
production

N-fixation, ACC deaminase, trehalose
production

IAA production, butane-2,3-diol
production, high performance in TCE
phytoremediation

a(Varga et al. 2020);  (Doty et al. 2009); ¢ (Xin, Glawe, et al. 2009); 9 (Firrincieli et al.

2015); ¢ (Xin, Zhang, et al. 2009); f(Kang et al. 2012); 9 (Doty et al. 2017)
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Figure 1: Well-watered and water-deficit treatment progression expressed as a percentage of pot water
holding capacity (A). The amount of irrigation applied as water or nutrient solution applied to well-watered
pots (open bars) and water-deficit pots (filled bars) (B). In (A), points represent treatment means and
vertical bars represent their standard error at each timepoint. Stars (*) indicate significant NI versus EI
treatment differences (Welch’s two-sample t-test, p-value < 0.05) within an abiotic condition at a given
timepoint. Abbreviations: WW NI, well-watered non-inoculated; WW EI, well-watered endophyte-inoculated;
WD NI, water-deficit non-inoculated; WD EI, water-deficit endophyte-inoculated.
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Figure 2: Diurnal course of stomatal conductance (A), ®PSII (B), and photosynthetically active photon flux
density (PPFD, C). Stars (*) indicate significant NI versus EI treatment differences (Welch’s two sample t-
test, p-value < 0.05) within an abiotic condition at a given timepoint. In (A) and (B), points represent
treatment means and vertical bars present their standard error. In (B), points are offset above each
timepoint to improve visibility between treatments. In (C), points and vertical bars represent the mean and
standard error, respectively, of all observations. Abbreviations: WW NI, well-watered non-inoculated; WW
EI, well-watered endophyte-inoculated; WD NI, water-deficit non-inoculated; WD EI, water-deficit
endophyte-inoculated.
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Figure 3: Net assimilation rate (A), stomatal conductance (B), and intrinsic water use efficiency (iWUE, C)
measured at 10:30 54 days after inoculation. In each panel, the left two boxplots (open) represent well-
watered plants and the right two boxplots (filled) represent water-deficit plants. Within each well-watered
and water-deficit pair, non-inoculated plants are on the left and inoculated plants are on the right. The
horizontal bars above each well-watered and water-deficit pair indicate the p-value from a Welch’s two-
sample t-test between non-inoculated and inoculated treatments.
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represent well-watered plants and the right two boxplots (filled) represent water-deficit plants. Within each
well-watered and water-deficit pair, non-inoculated plants are on the left and inoculated plants are on the
right. The horizontal bars above each well-watered and water-deficit pair indicate the p-value from a Welch'’s
two-sample t-test between non-inoculated and inoculated treatments.
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Supplemental Table 1. Mean values of diurnal stomatal conductance (gs,, mol m=2 s-') measurements, ANOVA model
outputs, and two-sample Welch'’s t-test results. Bolded and italicized text highlights p-values <0.05; italicized text
highlights p-values < 0.1.

Parameter
Treatment gsw 08:00 gsw 10:00 gsw 12:00 gsw 14:00 gsw 16:00
Mean value: WW NI 0.4402605 0.6095356 0.4795263 0.4388809 0.4176574
WW EI 0.4844155 0.5516446 0.5094648 0.4713549 0.3913324
WD NI 0.1277926 0.1938634 0.0797912 0.0631823 0.068931
WD EI 0.1213462 0.116884 0.0721945 0.0477375 0.0605926
Two-way ANOVA:  Inoc (df 1) 3.482 (0.073) 9.681 (0.004) 0.887 (0.355) 0.494 (0.488) 2.380 (0.135)
F-value (p-value) Water (df 1) 1132.25 (< 2e-16) 384.92 (< 2.2e-16) 1245.05 (<2e-16) 1087.48 (< 2e-16) 914.43 (<2e-16)
Block (df 9) 1.457 (0.214) 0.735 (0.674) 1.608 (0.163) 1.972 (0.084) 0.850 (0.579)

Welch's t-test:

Interaction (df 1)
Residuals (df 27)
Multiple R2

WW NI vs WW EI
t-statistic

DF, adjusted
p-value

WD NI vs WD El
t-statistic

DF, adjusted
p-value

6.293 (0.018)

0.977

2.7131
17.953
0.0147

-0.47142
17.706
0.6431

0.194 (0.663)

0.937

-2.2062
16.476
0.04188

-2.358
14.34
0.033

2.504 (0.125)

0.9791

1.4984
16.946
0.1524

-0.48137
15.998
0.6368

3.908 (0.058)

0.9762

1.327
17.284
0.2018

-1.3477
14.422
0.1986

0.641 (0.430)

0.9716

-1.4505
17.978
0.1641

-0.66651
14.762
0.5154
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Supplemental Table 2. Mean values of diurnal ®PSI/I measurements, ANOVA model outputs, and two-sample Welch’s t-
test results. Bolded and italicized text highlights p-values <0.05; italicized text highlights p-values < 0.1.

Parameter

Treatment @PSII 8:00 ®PSII 10:00 @®PSII 12:00 @PSII 14:00 ®PSII 16:00
Mean value: WW NI 0.7496391 0.6415433 0.6765244 0.7131062 0.7160461

WW El 0.7441904 0.6526292 0.6765039 0.7080789 0.710136

WD NI 0.7445046 0.5476703 0.5859933 0.6613151 0.6590065

WD EI 0.737931 0.6424419 0.5718893 0.667471 0.6756339
Two-way ANOVA:  Inoc (df 1) 3.5221 (0.0714) 2.8901 (0.1006) 0.0601 (0.8082) 0.0087 (0.9263) 0.7898 (0.382)
F-value (p-value)  Water (df 1) 3.1606 (0.0867) 2.7928 (0.1062) 11.46 (0.0021)  58.44 (3.187e-08) 57.62 (3.638e-08)

Block (df 9) 1.2184 (0.3247) 1.8253 (0.1094) 0.9756 (0.4812) 1.3956 (0.2388) 0.7462 (0.6644)

Interaction (df 1) 0.0372 (0.8485) 1.8062 (0.1901) 0.0597 (0.8088) 0.8562 (0.3630) 3.4928 (0.0725)

Residuals (df 27)

Multiple r2 0.1272 0.234 0.1766 0.6056 0.5922
Welch's t-test: WW NI vs WW EI

t-statistic -1.0722 0.24779 0.0015625 -0.83418 -1.0128

DF, adjusted 17.689 17.977 17.719 17.69 17.988

p-value 0.2981 0.8071 0.9988 0.4153 0.4153

WD NI vs WD El

t-statistic -1.5637 1.8322 -0.25219 0.55238 1.6452

DF, adjusted 16.658 10.765 10.565 14.788 15.018

p-value 0.1367 0.0947 0.8057 0.8057 0.5889
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Supplemental Table 3. Mean values of CO, assimilation rate (A,, umol m=2 s-1), stomatal conductance (gsw, mol m=2 s1),
and intrinsic water use efficiency (IWUE, pmol mol-') measured on 10:00 54 DAI, ANOVA model outputs, and two-sample
Welch'’s t-test results. Bolded and italicized text highlights p-values <0.05; italicized text highlights p-values < 0.1.

Parameter
Treatment An Jsw IWUE
Mean value: WW NI 12.422488 0.44435679 28.08434
WW EI 13.30642 0.43425013 31.05351
WD NI 9.493875 0.15189654 63.7142
WD El 9.816574 0.09064756 134.11795
Two-way ANOVA: Inoc (df 1) 1.7904 (0.1985) 1.8005 (0.1973) 7.6734 (0.01310)
F-value (p-value) Water (df 1) 33.61 (2.143e-05) 358.07 (7.381e-13) 33.08 (2.347e-05)
Block (df 6) 1.9427 (0.1316) 1.9491 (0.1305) 1.0803 (0.4124)
Interaction (df 1) 0.2426 (0.6286) 1.6285 (0.2191) 7.8959 (0.01205)
Residuals (df 17)
Multiple R2 0.7356 0.9334 0.6395781
Welch's t-test: WW NI vs WW EI
t-statistic 1.4454 -0.37473 1.4203
DF, adjusted 10.12 11.992 10.156
p-value 0.1786 0.7144 0.1855
WD NI vs WD EI
t-statistic 0.30369 -2.4001 2.6389
DF, adjusted 10.354 9.6355 5.4113
p-value 0.7674 0.0381 0.0426




Page 44 of 44

Supplemental Table 4. Mean values of SPAD, specific leaf area (SLA, mm? mg'), aboveground productivity (g), height
(mm), and shoot biomass water use efficiency (WUEs,, mg L"), ANOVA model outputs, and two-sample Welch'’s t-test
results. Bolded and italicized text highlights p-values <0.05; italicized text highlights p-values < 0.1.

Parameter
Aboveground
Treatment SPAD SLA productivity Height WUE,,
Mean value: WW NI 34.36 24.34427 2.448 222.6 1465.868
WW El 34.58 24.01836 2.67679 233.9 1602.868
WD NI 29.37 13.72873 0.56428 108.4 854.9697
WD El 32.22 13.06517 0.55623 104.8 842.7727
Two-way ANOVA: Inoc (df 1) 3.614 (0.068) 0.6934 (0.4123) 1.5198 (0.2282) 0.5212 (0.4765) 1.2927 (0.2655)
F-value (p-value) Water (df 1) 20.71 (0.0001) 329.48 (<2e-16) 500.12 (< 2.2e-16) 520.31 (< 2.2e-16) 155.99 (9.878e-13)
Block (df 9) 1.041 (0.4345) 0.8492 (0.5793) 3.2128 (0.0089) 3.7074 (0.0038) 5.1138 (0.0004)

Interaction (df1)
Residuals (df 27)

2.653 (0.1149)

0.0807 (0.7785)

1.7496 (0.1970)

1.9514 (0.1738)

1.8474 (0.1853)

Multiple R2 0.3844 0.8931 0.9303 0.9331 0.832
Welch's t-test: WW NI vs WW El

t-statistic 0.17638 -0.31223 1.0622 0.98134 1.0622
DF, adjusted 16.707 15.944 17.765 17.608 17.765
p-value 0.8621 0.7589 0.30204 0.3397 0.30204
WD NI vs WD El

t-statistic 2.7442 -1.2792 -0.13807 -0.47198 -0.13807
DF, adjusted 17.984 15.25 17.357 19.669 17.357
p-value 0.0133 0.22 0.8918 0.6427 0.8918



