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Abstract

The rapid human-driven changes in the environment during the Anthropocene
have placed extreme stress on many plants and animals. Beneficial interactions
with microorganisms may be crucial for ameliorating these stressors and facili-
tating the ecosystem services host organisms provide. Foliar endophytes, micro-
organisms that reside within leaves, are found in essentially all plants and can
provide important benefits (e.g., enhanced drought tolerance or resistance to
herbivory). However, it remains unclear how important the legacy effects of the
abiotic stressors that select on these microbiomes are for affecting the degree of
stress amelioration provided to their hosts. To elucidate foliar endophytes’ role
in host-plant salt tolerance, especially if salinity experienced in the field selects
for endophytes that are better suited to improve the salt tolerance of their hosts,
we combined field collections of 90 endophyte communities from 30 sites across
the coastal Everglades with a manipulative growth experiment assessing endo-
phyte inoculation effects on host-plant performance. Specifically, we grew >350
red mangrove (Rhizophora mangle) seedlings in a factorial design that manipu-
lated the salinity environment the seedlings experienced (freshwater
vs. saltwater), the introduction of field-collected endophytes (live vs. sterilized
inoculum), and the legacy of salinity stress experienced by these introduced
endophytes, ranging from no salt stress (0 parts per thousand [ppt] salinity) to
high salt stress (40 ppt) environments. We found that inoculation with field-
collected endophytes significantly increased mangrove performance across
almost all metrics examined (15%-20% increase on average), and these benefi-
cial effects typically occurred when the endophytes were grown in saltwater.
Importantly, our study revealed the novel result that endophyte-conferred salin-
ity tolerance depended on microbiome salinity legacy in a key coastal founda-
tion species. Salt-stressed mangroves inoculated with endophyte microbiomes
from high-salinity environments performed, on average, as well as plants grown

in low-stress freshwater, while endophytes from freshwater environments did
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INTRODUCTION

The rapid human-driven changes in the environment dur-
ing the Anthropocene have placed extreme stress on many
organisms (Allen et al., 2015; Wake & Vredenburg, 2008),
requiring them to adapt or move to avoid extinction
(Feeley et al., 2012). Beneficial species interactions provide
an avenue for overcoming these environmental stressors
and maintaining resilience within communities (Putnam
et al, 2017; Waqas et al., 2012). Increasingly, research
has shown that microbes that reside within and on organ-
isms can be crucial to proper functioning of a wide range
of plants and animals (Harris, 2009; Ngumbi &
Kloepper, 2016; Turner et al., 2013) and can play important
roles in ameliorating stresses (Iannone et al., 2017; Song
et al.,, 2015; Yu et al., 2019) and allowing persistence in oth-
erwise untenable conditions (Afkhami et al., 2014; David
et al., 2019; Malinowski & Beleskey, 2000). Therefore, part-
nerships with microbes may serve as a well from which
organisms can draw for in situ ecological adaptation to the
stresses of the changing world (van der Putten et al., 2016).
Here, we examine the role of microorganisms in the resil-
ience of plants to human-driven stress by testing whether
stress-experienced foliar endophyte microbiomes increase
the stress tolerance of a foundation species—Rhizophora
mangle (red mangrove)—to the increased salinity that
accompanies sea level rise in the Everglades.

Salinity stress represents a massive challenge for organ-
isms in the Anthropocene. Many plants in coastal areas are
increasingly suffering from excessive salt stress owing to
natural and anthropogenic disturbances, such as sea level
rise, storm surge, hurricanes, and tidal inundation, that
increase soil and water salinity (Saha et al., 2011; Woodruff
et al., 2013). Importantly, long-term groundwater salinity
records in coastal areas show that seawater intrusion inland
is increasing. Sea level is currently rising at a rate of ~2.6—
2.9 mmyear ' globally (Watson et al., 2015) and is
expected to rise at an accelerating rate, increasing by a
cumulative 46 cm during the 2010-2060 period
(Obeysekera et al., 2015). As the salinity of soil pore water
increases with sea level rise (Subedi et al., 2020; Ross

not relieve host salinity stress. Given the increasing salinity stress imposed by
sea level rise and the importance of foundation species like mangroves for eco-
system services, our results indicate that consideration of endophytic associa-
tions and their salinity legacy may be critical for the successful restoration and
management of coastal habitats.

endophytes, Everglades, legacy effects, mangroves, mutualism, salinity legacy, salt tolerance,

et al., 2021), increased saline stress is expected to lead to
decline, endangerment, and, in some cases, even extinction
of many taxa (Maschinski et al., 2011; Ross et al., 2016). For
instance, an estimated 21 species have been threatened in
Everglades National Park owing to increasing salt stress
(Saha et al., 2011). The loss or decline of primary producers
will be especially detrimental to coastal ecosystem health
and function if foundation species that underpin these envi-
ronmental properties are affected.

Plant-microbial interactions may play a crucial role
in mitigating the salinity stress plants experience. Mutu-
alistic microbes have been shown to confer a diversity of
benefits on plants, such as tolerance to drought (Afkhami
et al, 2014; Oberhofer & Leuchtmann, 2013; Song
et al., 2015), heavy metals (Zhang et al., 2010), or thermal
stress (Khan et al., 2012), resistance and tolerance to her-
bivores and pathogens (Iannone et al., 2017; Kuldau &
Bacon, 2008; Xia et al., 2016; Yu et al., 2019), and
enhanced growth and nutrient/water acquisition
(Read, 1999). A growing body of work has documented
that some microbes can also reduce salinity stress. For
example, some endophytes from coastal plants can
increase salt tolerance of their wild hosts and even confer
this benefit on agricultural plants when human-
inoculated (Rho et al., 2018; Rodriguez et al., 2008; Soares
et al.,, 2016). However, these salinity-mitigating effects
are not universal, even within a host species (Gernns
et al., 2001; Hardoim et al., 2008; Kogel et al., 2006; Lata
et al.,, 2018; Rho et al.,, 2018; Rodriguez et al., 2008;
Schulz & Boyle, 2005; Yu et al., 2019), and it is unclear
what underpins this variability. One possibility is that the
legacy of past environmental stress may select for endo-
phyte communities better able to provide benefits. Yet it
remains unclear how important the legacy of salinity
stress is for microbiomes’ abilities to confer salinity toler-
ance of host plants, especially for foundation species that
undergird community structure and productivity.

Understanding what factors determine when micro-
biome mediation of salinity stress occurs is important for
developing a predictive framework for primary producer
responses to sea level rise. Of particular interest is the
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impact of salinity stress and microbial interactions on
foundation species that underpin a great deal of ecosystem
and community functions. Mangroves are commonly
foundation species in coastal ecosystems where salinity
stress is especially prevalent and are arguably the most
important coastal plants in terms of productivity, struc-
tural importance for resident plant and animal communi-
ties, and ecosystem goods and services. Mangroves protect
shorelines, reduce the devastating impact of natural disas-
ters (tsunamis and hurricanes), provide breeding and
nursing grounds for marine species, and serve as sources
of food, medicine, fuel, and building materials for humans
(Barbier et al., 2008; Vo et al., 2012). However, mangrove
forests have been declining at an alarming rate (McFadden
et al., 2007; Ross et al., 2001)—even more rapidly than
some of the classically considered bellwether ecosystems
like inland tropical forests and coral reefs (Duke
et al., 2007)—and much of what remains is in degraded
condition (Valiela et al., 2001; Wilkie et al., 2003).

Because of the role mangroves play in sustaining
coastal ecosystems, their distribution across a wide range
of salinity conditions, and the rise of microbiome
research, there has been increasing interest in studying
mangrove-microbe interactions. Studies have docu-
mented a range of endophytic fungi and bacteria associ-
ated with mangrove trees (Ananda & Sridhar, 2002;
Costa et al., 2012; Debbab et al., 2013; Soldan et al., 2019)
and substantial variation in endophyte communities
among mangrove species (Ali et al, 2017; de Souza
Sebastianes et al., 2013; Jiang et al.,, 2018; Nicoletti
et al., 2018). The majority of these microbe-mangrove
studies have focused on the morphology and taxonomy of
endophytes (Ho et al., 1990; Sarma & Hyde, 2001; Xing &
Guo, 2010; Zhou et al., 2018), while few studies—mainly
focused on bacterial endophytes—have provided insight
into the fitness consequences of these associations
(e.g., Soldan et al., 2019). Of particular interest are the pos-
sibilities that beneficial endophytes may help this group of
coastal foundation species to tolerate or resist salt stress,
allowing them to persist in their saline environments, and
that legacy effects may play a role in the degree of micro-
bial mitigation. Because red mangroves (R. mangle) are
found across a wide salinity gradient, from freshwater
inland systems (0 parts per thousand [ppt] salinity) to
intertidal environments in which salinity may exceed
40 ppt, it is an ideal species to study the role of endophytes
in mangrove salinity tolerance.

To elucidate foliar endophytes’ role in mangrove salt
tolerance, especially if salinity experienced in the field
(salinity legacy) selects for endophytes that are better
suited to improve the salt tolerance of their hosts, we
combined field collections of 90 endophyte communities
from 30 sites across the coastal Everglades with a

manipulative growth experiment in which endophyte
effects on red mangrove performance were assessed. Spe-
cifically, we grew >350 R. mangle seedlings in a factorial
experiment that manipulated the salinity the seedlings
experienced (freshwater vs. saltwater), the introduction
of field-collected endophytes (live vs. sterilized inocu-
lum), and the salinity origin of these introduced endo-
phytes (salinity legacies ranging from 0 to 40 ppt). This
experimental design allowed us to pose the following
questions: (1) Does inoculation with field-collected endo-
phytes affect mangrove growth? (2) Do endophyte inocu-
lation effects depend on the host’s salinity environment?
(3) Do endophytes from high-salinity environments con-
fer greater salt tolerance on their mangrove hosts?

MATERIALS AND METHODS
Field sample collection

Thirty red mangrove (R. mangle) communities were
selected along the coast of the Everglades, including areas
in Everglades National Park and along Florida Bay in
southern Miami-Dade County (Figure 1). These sites
spanned much of the southern Everglades and a large
water salinity range of 0-40 ppt (Appendix S1: Table S1)
and were accessed through a combination of foot, kayak,
air boat, and helicopter travel. All sampled sites were
continuous red mangrove forests along the coastal fringe
or on tree islands in coastal Everglades wetlands, with
populations containing morphologically similar trees at
least 10 m in height.

During December 2018 and January 2019, we col-
lected five leaves from each of three individual red man-
grove trees per site that were at least 10 m apart from one
another. For all the sampled trees, outer canopy
(i.e., sun-exposed), fully grown leaves with no visible
damage were collected from the south-facing, second-
order branches in the top third of the trees’ crowns to
minimize the leaf age variation. Leaves from each tree at
each site were stored separately in sterile zip-locked bags
and transported on ice to the laboratory within 6 h of col-
lection. Soil pore water salinity was determined for each
site during the peak dry season prior to our microbiome
collection (between April and May 2018) (Ross
et al.,, 2019) with the goal of quantifying salinity stress
experienced by each microbiome when most intense in
its area of origin (i.e., quantifying the strongest salinity
stress the endophyte microbiome would have recently
experienced). To obtain pore water, a soil core (5.5 cm
diameter, 30 cm length) was removed from a representa-
tive area in the sampling site and allowed to fill with
water. Three replicates of pore water samples were
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FIGURE 1 Study area showing locations of red mangrove microbiome collections along coastal area of Florida Bay

collected 1 m apart at each site. Soil pore water salinity
was measured using a calibrated salinity and conductivity
meter (YSI 20, Ohio, USA) in parts per thousand and
averaged over the three samples collected per site.

Experimental design, setup, and data
collection

To determine how leaf endophytes from across the south-
ern Everglades affected red mangroves performance
and whether the environmental salinity legacy of the
microbiome affected endophyte—plant interactions, we
grew red mangrove seedlings in a factorial experiment
that manipulated (1) the introduction of field-collected
leaf endophytes (“live” vs. “sterilized” leaf inoculum),
(2) the salinity legacy of these introduced endophytes
(a measure of salinity at each microbiome’s origin, rang-
ing from 0 to 40 ppt), and (3) the salinity of the water in
which seedlings were grown (freshwater vs. saltwater). In
total, our experiment included 360 pots (2 inoculation
treatments x 30 sites that vary in salinity legacy x 2
water salt treatments x 3 replicates).

To generate our endophyte inoculum, we surface ster-
ilized all field-collected leaves with 0.5% sodium hypo-
chlorite (2 min) and 70% ethanol (2 min) and washed
with sterile water (Arnold et al.,, 2000, 2003; Moore
et al., 2006). We then homogenized each surface-
sterilized leaf individually in 25 ml of sterile water
(Zahn & Amend, 2017). Half of the homogenized solution

from each leaf was autoclaved (3x at 121°C for 45 min)
to make it microbially inactive and to allow us to
generate two types of inoculants: (1) a sterile, sham inoc-
ulant composed of 100% autoclaved solution (for the
endophyte-free inocula treatment [I—]) and (2) a micro-
bially active inoculant composed of 25% live solution (not
autoclaved) and 75% autoclaved solution (for the
endophyte-present inocula treatment [I+]) (David
et al., 2018, 2019). Note that in the I+ treatment, the
small amount (25%) of microbially live solution was
included to introduce field-collected endophytes, while
the 75% autoclaved solution was included to account for
any nonmicrobial effects of autoclaving on inocula
(David et al., 2018, 2019).

The mangrove propagules used in our experiment
were collected from coastal wetlands adjacent to Biscayne
Bay (with the salinity of the area ranging from 0 to
32 ppt), which was not one of the 30 sites used for endo-
phyte inoculant source. Those propagules were then
planted in pots of organic commercial soil (Nature’s Care
Organic Garden Soil, Miracle-Gro Lawn Products Inc.,
Marysville, OH, USA) and were assigned to random loca-
tions to grow within a shade house common garden for
~1 year on the Biscayne Bay campus of Florida Interna-
tional University in a freshwater environment. The com-
mon garden approach helped to ensure all seedlings
began the experimental phase of the research in a similar
physical condition and with a similar background micro-
biome since they experienced the same potential micro-
bial sources and growth conditions for a year before they
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were used for the experiment. Then 400 approximately
year-old seedlings were transplanted into ~1.1-L pots
(Growers Solution, Cookeville, TN) containing the same
organic soil (Nature’s Care Organic Garden Soil). The
seedlings were then grown in freshwater (~3 cm deep)
for around a month in a growth room (12 h:12 h light:
dark cycle) before applying treatments (Appendix SI:
Figure S1). The initial height and number of leaves were
recorded for all plants prior to treatment exposure. Seed-
lings were randomly assigned to salinity and endophyte
treatments, and both initial height (25-35 cm) and num-
ber of leaves (8-12 leaves) did not differ significantly
among treatments (Appendix S1: Figure S2). We then
manipulated the endophytic community by inoculating
seedlings with endophytes collected from one of the
30 field sites that varied in salinity, from fresh (no salt) to
high salt (40 ppt). To do this, we gently abraded all seed-
ling leaves with sterilized (three times at 121°C) quartz
sand (Red Devil 580 Silica Sand, Meeco Mfg Co. Inc.,
Seattle, WA, USA) and treated with either I+ or I— inoc-
ulum applied with sterile cotton gauze to all leaves on
the adaxial and abaxial leaf surfaces (the number of
leaves ranged from 8 to 12) (Oh et al, 2021; Xu
et al., 1997). In total, there were 90 different endophyte
communities applied—3 endophyte communities from
each of the 30 sites (i.e., 1 community came from each of
the 3 trees sampled). In a previous study (Lin &
Sternberg, 1992), a salinity level greater than 15 ppt was
shown to have significant negative effects on photosyn-
thesis in R. mangle seedlings. Thus, 90 I+ and 90 I—
treated seedlings (1 per microbial community) were
grown in stressful saltwater conditions (maintained
between 15 and 20 ppt), and the other 90 I+ and 90 I—
seedlings were grown in freshwater conditions
(maintained at <2 ppt). In the I+ treatment, salinity was
increased to 15 ppt over the course of a week, the salinity
level was checked twice per week using a salinity and
conductivity meter (YSI 20, Ohio, USA), and the saltwa-
ter treatment was adjusted by adding freshwater or sea
salt (nitrate- and phosphate-free Instant Ocean sea salt
for marine aquariums, Instant Ocean, Cincinnati, OH,
USA) as needed (Lin & Sternberg, 1992, 1993). The salt-
water treatment induced plant stress compared to the
freshwater treatment. Both the overall mangrove perfor-
mance and many individual metrics showed declines in
saltwater, although these effects often depended on
whether the plants had been inoculated with field-
collected endophytes and the endophytes with which
they had been inoculated (discussed in more detail in the
“Results” section).

To evaluate legacy-specific endophyte effects and
their interactions with water salinity, we measured
seedling height, stem diameter, number of nodes,

branches, and leaves for all plants in our experiments
7 months following treatment application, which was
sufficient time to see significant responses in these per-
formance metrics at a crucial life history stage for this
species. Measured traits were selected based on previ-
ous work showing them to be important in field studies
of these mangroves. For instance, Ross et al. (2001)
showed that leaf production, node growth, and branch
number were good predictors of productivity in south
Florida populations of red mangrove. Changes in the
endophyte communities were not examined in present
study.

Data analysis

Because we measured multiple performance traits, we
first analyzed the effect of our treatments on the com-
posite plant performance using a multivariate analysis
of covariance (MANCOVA), with the saltwater treat-
ment, endophyte inoculation treatment, salinity of
endophyte source, and their interactions as explana-
tory variables and the five plant performance measures
(stem diameter, node number, branch number, height,
and leaf number) as response variables. After signifi-
cant overall effects were identified in the MANCOVA
(x = 0.05), we examined effects on individual response
variables using analysis of covariance (ANCOVA)
using the same explanatory variables. All the statistical
analyses were conducted in R version 3.5.3 (R Core
Team, 2019).

RESULTS

Endophyte inoculation effects on
mangrove performance under salt stress

Our analysis of the overall mangrove performance
(i.e., MANCOVA of all five performance response vari-
ables measured) showed that the main effect of endo-
phyte inoculation on plant performance was significant
(Fsz05 = 6.14, p < 0.01) (Table 1) such that plants inocu-
lated with field-collected endophytes (I+) performed better
on average than noninoculated plants (I-). In follow-up
analyses, we found beneficial effects of endophyte inocula-
tion across all individual plant performance metrics exam-
ined (with the exception of height; Appendix S1: Table S2).
I+ plants had significantly greater seedling stem diameters
and numbers of nodes, branches, and leaves (Appendix S1:
Table S2; Figure 2a-d). For instance, inoculated mangroves
had 14.6% more leaves (p < 0.01; Figure 2a) and 15.8%
more nodes (p < 0.01; Figure 2b) than noninoculated
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TABLE 1 Effects of endophyte, salinity, and salinity legacy on
overall mangrove performance

Explanatory variables F Pr(>F)
Salt water treatment 1.16 0.33
Endophyte treatment 6.14 <0.01
Salinity legacy (of endophyte source) 3.15 0.01
Salt water x endophyte 1.85 0.10
Salt water x salinity legacy 0.48 0.79
Endophyte x salinity legacy 0.90 0.48
Salt water x endophyte 2.94 0.01

x salinity legacy

Note: Multivariate analysis of covariance (MANCOVA) was used to
determine the effect of our treatments and their interactions on the
composite plant performance. Saltwater treatment, endophyte inoculation
treatment, salinity of endophyte source (salinity legacy), and their
interactions were the explanatory variables, and the five plant performance
measures (stem diameter, node number, branch number, height, and leaf
number) were the response variables. The numerator and denominator
degrees of freedom for each of the explanatory variables were 5 and 305,
respectively.

mangroves. Interestingly, for some components of man-
grove performance, the effect of endophyte inoculation on
the metric depended on whether plants were growing in
freshwater versus saltwater (Figure 2c,d). For instance, for
both seedling stem diameter (Figure 2c) and number of
branches (Figure 2d), noninoculated plants showed
declines in plant performance when grown in saltwater
versus freshwater, indicating that saltwater was stressful,
but endophyte inoculation significantly increased man-
grove performance in the high-salinity treatment. Under
high-salinity conditions, I+ plants displayed a 19.1%
increase in the stem diameter and a 17.1% increase in the
number of branches compared to I— plants (Figure 2c,d).
Similarly, I+ plants were 12.08% taller than I— plants in
saltwater (Fy 317 = 3.64, p = 0.05; Appendix S1: Table S2).
In the case of stem diameter, inoculation with endophytes
restored the performance of salt-treated plants to that of
plants grown in freshwater, while in the case of branching,
I+ plants in high-salinity environments actually had
greater branching than plants grown in freshwater.

Importance of salinity legacy in endophyte
effects on mangroves

Our analysis of the overall mangrove performance
(i.e., MANCOVA of all five performance metrics) also
showed that the salinity legacy of endophytes had a sig-
nificant effect on mangrove performance that depended
on the salinity environment the host plant was currently
experiencing (significant three-way interactive effect of
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FIGURE 2 Endophyte inoculation increased mangrove
performance and conferred resistance to salinity stress. The
endophyte inoculation treatment (I+ vs. I—) was found to
significantly increase the number of (a) leaves and (b) nodes.
Endophyte inoculation and seedling growth conditions (freshwater
vs. saltwater) significantly interacted to affect (c) stem diameter and
(d) number of branches, such that positive endophyte effects on
mangroves were only observed in saltwater conditions. Different
lowercase letters are assigned for significantly different treatment
effects in post hoc tests (p < 0.05)

the water salinity treatment, the endophyte inoculation
treatment, and the salinity of the endophyte source on
composite performance; Fs 305 = 2.94, p = 0.01; Table 1;
Figure 3). I— seedlings growing in saltwater had reduced
performance compared to I— seedings growing in fresh-
water (Figure 3, comparing panels b and d), indicating
salinity stress for noninoculated mangroves. When man-
groves were grown in the freshwater environment, their
composite performance was similar for the I— (non-
inoculated) and the I+ treatment plants, regardless of the
salinity legacy of the endophytes (Figure 3, panel c vs. d).
Interestingly, when mangroves were grown in saltwater
conditions, the salinity legacy of the endophytes became
important for mangrove performance. In saltwater, the
composite performance of I+ and I— mangroves was
similar when the inoculum was derived from freshwater
sites (endophytes with freshwater legacy), but crucially I
+ plants performed much better than I— plants when
grown in saltwater if the endophytes originated from a
high-salinity environment (endophytes with salinity
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FIGURE 3 Composite plant performance response along endophyte salinity legacy gradient showed an interaction between saltwater

treatment, endophyte treatment, and endophyte salinity legacy. Endophyte inoculation was most beneficial for plants grown in saltwater
(panel a) and inoculated with endophytes collected from sites with high salinity (i.e., endophytes with a salinity legacy). To visualize the
multivariate analysis of covariance (MANCOVA) results, the composite performance index (graphed here) was calculated by equally
weighting each of the five normalized performance metrics (mean centered with SD = 1), and lines were fit with a linear regression of the
composite plant performance on the endophyte source salinity gradient for each treatment combination. Data shown are from the following
treatment combinations: (a) endophyte inoculation (I+) and saltwater treatment, (b) no endophyte inoculation (I—) and saltwater treatment,
(c) endophyte inoculation (I+) and freshwater treatment, and (d) no endophyte inoculation (I—) and freshwater treatment. Dashed line:

mean composite fitness across all treatments

legacy) (Figure 3, panel a vs. b). In fact, inoculation with
endophytes originating from the highest salinity habitats
enhanced the composite performance of mangroves
grown in saltwater to the point where they were compa-
rable to (or even exceeded) that of mangroves grown in
freshwater (Figure 3, panel a vs. panels ¢ and d). In
follow-up analyses, a significant three-way interaction
between the salinity legacy of the symbiont, current host
salinity environment, and symbiont inoculation was also
detected for node number (F;3; = 5.01; p = 0.03;
Appendix S1: Figure S3) with a similar pattern in leaf
number (F; 31, = 2.84, p = 0.09).

DISCUSSION

Our results showed how inoculation with foliar endo-
phytes could meaningfully reduce salinity stress in a key
foundation species of the Everglades. In particular, this
study revealed that the ability of the endophytic micro-
biome to confer salinity tolerance on host plants depends
on the salinity legacy of these endophytes in a coastal
foundation species. This result not only elucidates a fac-
tor underpinning when microbes can mitigate a growing
environmental stress, it emphasizes the need for further
exploration into how microbiomes can mitigate plant
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response to sea level rise. In what follows, we discuss
salinity stress and endophytic mitigation of this chal-
lenge, the role of salinity legacy in endophyte-driven
effects on stress relief, and fruitful directions for future
investigation sparked by our findings.

Endophyte inoculation improves
foundation species performance under salt
stress

High salinity poses major challenges to many plants in
coastal environments (DeLaune et al., 1987; Ross et al.,
2009) and represents a growing problem with sea level
rise, causing submergence and increased flooding of
coastal lands as well as saltwater intrusion of surface
water and groundwater (Nicholls & Cazenave, 2010). A
relatively small proportion of plant species can prosper in
brackish/saline environments (Himabindu et al., 2016),
but some plant species—halophytes—have adapted to
these conditions using a wide range of physiological,
metabolic, and ecological mechanisms (Himabindu
et al., 2016; Volkmar et al., 1998). In our study system of
red mangroves (R. mangle), previous research showed that
a key mechanism of salinity resistance is the regulation of
salt’s entry into plants using ultrafiltration across the root
cortex and that a key mechanism of tolerance is seques-
tration of salt ions in the hypodermal water storage tissue
of leaves (Tomlinson, 2016; Werner & Stelzer, 1990).
However, in high-salt environments, even halophytes
may suffer from osmotic stress initially (reflecting a water
deficit) and subsequently experience ion-specific stress
resulting from altered ion concentrations (Blumwald
et al., 2000; Shabala & Mackay, 2011). Exceeding critical
cytoplasmic Na™ and CI" concentrations can cause dam-
age in halophytes, resulting in a reduction of the net pho-
tosynthesis rate through stomatal closure (Himabindu
et al.,, 2016). Mangrove leaves, for example, accumulate
salt as they mature (Cram et al., 2002) to levels up to
12 times higher compared to freshwater plants
(Dissanayake & Amarasena, 2009). Furthermore, experi-
ments have shown that the salt content in the leaves of
red mangroves growing in high-salt environments is sig-
nificantly higher than the leaf salt content of plants in
low-salt environments (Lin & Sternberg, 1992). Like many
halophytes, high salinity has negative consequences for
metabolic processes in mangroves (Ball, 1988), and man-
groves often grow more slowly and have lower productiv-
ity in high-salinity environments (Cintron et al., 1978),
indicating that plant mechanisms for tolerating (seques-
tration) and resisting (filtration) salinity stress may be
costly to maintain or only partially effective at reducing
salinity stress.

Another strategy for plants to improve tolerance and
resistance to salinity stress is through interactions with
beneficial microbiomes (Li, La, et al., 2021; Mateu
et al., 2020; Qin et al., 2018). Microbial communities are
composed of diverse bacteria and fungi with the needed
machinery for a wide range of useful metabolic, molecu-
lar, and physiological functions, which can improve plant
growth and health by alleviating harmful stress effects
(Ahmed et al., 2021; Li et al., 2016; Sampangi-Ramaiah
et al., 2020; Shahzad et al., 2017; Sun et al., 2020). Specifi-
cally, our experiments showed that a crucial foundation
species of the Everglades ecosystem—red mangrove—
benefits substantially from inoculation with field-collected
endophytes, especially endophytes that experience salinity,
in high-salinity conditions. Endophyte inoculation signifi-
cantly increased mangrove seedling leaf number, node
number, number of branches, and stem diameter, metrics
that have been shown to be good estimators of the above-
ground biomass and productivity of red mangroves in the
field (Amarasinghe & Balasubrananiam, 1992; Fromard
et al., 1998; Putz & Chan, 1986; Ross et al., 2001). These
findings show that, although mangroves are known to tol-
erate a wide range of salinities, seedling performance—
which can be restricted by both stomatal and nonstomatal
(i.e., biochemical) limitations in high-salt environments—
can be strongly affected by microbial interactions. Impor-
tantly, early seedling development is likely to be the most
sensitive life stage for this and other halophytes (Krauss
et al, 2008), and mangrove seedling growth plays an
important role in determining red mangroves’ establish-
ment and competitive capabilities (e.g., canopy height and
canopy area) in later years (e.g., Proffitt & Travis, 2010).
Thus, our findings demonstrate that salinity-experienced
endophyte effects on a critical life history stage in red
mangroves—that is, the seedling stage—are likely impor-
tant for population dynamics and functional roles of this
foundational species in extreme salinity environments.

The fitness improvement due to endophyte inocula-
tion could have resulted from several nonmutually exclu-
sive physiological and metabolic mechanisms (Brader
et al., 2014; Santoyo et al., 2016). First, the salinity-
experienced microbiome could have benefited the man-
groves by regulating oxidative stress. Owing to excessive
accumulation of salt ions in the cytosol, plants produce
reactive oxygen species that cause oxidative stress
(Latef & Chaoxing, 2014; Rasool et al., 2013), thereby
reducing their physiological and biochemical activities
(Ahmad et al. 2014). When mangroves experience salinity
stress, the endophytes may reduce oxidative stress on
their host trees by enhancing detoxifying enzyme activity
(Li et al, 2016) or through the production of
1-aminocyclopropane-1-carboxylate (ACC) deaminase
and osmotic regulators (Egamberdieva et al., 2017;
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Jogawat et al., 2013). Second, the microbiome may have
benefited the mangroves through other types of metabolic
regulation. Abiotic stress, including high salinity, can
increase hydrogen peroxide production in plants; while at
low concentrations hydrogen peroxide typically acts as a
signaling molecule, at higher concentrations it can provoke
the onset of cell death (Gechev & Hille, 2005). When plants
are under abiotic stress, proline is essential for plant recov-
ery (Szabados & Savoure, 2010), and a relatively high accu-
mulation of proline has been reported in salt-tolerant
species (e.g, Chaum & Kirdmanee, 2009; Hameed &
Ashraf, 2008; Hayat et al., 2011). Studies in other systems
show marked decreases in hydrogen peroxide and increases
in proline concentrations for endophyte-inoculated plants
experiencing extreme salt stress (Ahmad et al, 2015;
Egamberdieva et al., 2017), suggesting likely mechanisms
for how endophytes, like those from high-salinity environ-
ments in our experiment, improved salinity tolerance in
plants.

Salt-stressed legacy effects of endophytes
on plant fitness

Our study demonstrated that the salinity legacy of the
endophytic microbiome is important for whether the
endophytes improved foundation species performance
under high-salt stress. Specifically, we observed that
endophytes with a legacy of experiencing salt stress
(i.e., collected from mangroves in higher salinity sites in
the Everglades) significantly increased mangrove perfor-
mance in high-salinity experimental environments, while
endophytes with a freshwater legacy did not. Interest-
ingly, the benefits to mangroves of interacting with
“salinity legacy endophytes” declined in the freshwater
experimental environment, illustrating that the match
between endophyte legacy and the salinity environment
host plants experience is a crucial part of endophyte-
mediated stress amelioration in this foundation species.
Several studies of native and invasive grasses have made
important strides toward understanding habitat-adapted
microbiomes in high-salinity environments, finding evi-
dence that endophytes cultured from coastal sites can
confer salt tolerance on rice, other crops, and beach grass
(e.g., Rodriguez et al., 2008; Soares et al., 2016). Our work
builds on and complements this progress, making several
novel contributions to understanding the importance of
salinity legacy effects on plant-microbiome interactions.
For instance, we show for the first time that salinity leg-
acy effects on microbiomes are important for a native
foundation species that not only naturally dominates
native habitats but also is fundamental to structuring
these communities and maintaining ecosystem functions.

In addition, our study considered the salinity legacy of
the microbiome across a continuous gradient of the
whole range of saline environments the host organism
experiences (0-40 ppt salinity), in contrast to previous
work (Soares et al., 2016) that collected endophytes from
extreme habitats (and often without explicitly consider-
ing replication of high- and low-salinity sites, i.e., no rep-
lication of salinity legacy). By incorporating replicate
microbiomes from 30 sites and characterizing the salinity
variation at these sites, our study provides robust insight
into how the relationship between the salinity legacy of
the microbiome and its ability to confer benefits changes
across the entire salinity gradient.

Several nonmutually exclusive explanations could
underpin the role of salinity legacy in microbial conferral of
resilience to salinity stress. One likely explanation is that
freshwater legacy microbiomes lack key endophytes
(i.e., microbes of large effect) (Afkhami et al., 2020) or inter-
acting groups of endophytes (i.e., network modules of
microbes) that underpin the benefits being conferred on the
mangroves. Previous work has shown that environmental
stress can cause substantial changes in microbial communi-
ties (Zimmerman & Vitousek, 2012), filtering out otherwise
competitively superior microbes that are unable to persist
in those conditions due to niche limitations. Future
research into the community composition, diversity, and
network structure of the microbiome, using approaches
similar to those of Adair and Douglas (2017), Hernandez
et al. (2021), and Wagg et al. (2019), across a salinity
gradient would be a valuable next step for linking this eco-
logical mechanism to the legacy effects our experiment rev-
ealed. Second, local adaptation within the microbiome to
high-salinity stress environments could be crucial for
maintaining benefits provided to host plants. Compared to
freshwater legacy endophytes, endophytes from high-
salinity environments may be better equipped to fully
function under salinity stress, including the metabolic and
physiological functions that directly or indirectly (i.e., medi-
ated through intermicrobial interactions) affect plant perfor-
mance in high-salinity environments. Previous researchers
highlighted many examples of species interactions where
partners experiencing extreme stress were unable to provide
resources or services, including reduced nutrient trade
(Vitousek & Walker, 1989), seed dispersal (Terborgh
et al., 2008), pollination (Cox & Elmgqvist, 2000), and defen-
sive mutualisms (Palmer et al., 2008), illustrating the impor-
tance of a mutualist’s own stress tolerance in its ability to
confer rewards. Moreover, recent studies have shown
increased beneficial microbiome functions and functional
groups in extreme stress environments (e.g., Hernandez
et al., 2021; Regina et al., 2002; Rolli et al., 2015), and in
one case that individual endophytes cultured from a coastal
environment are themselves more salt tolerant (Soares
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et al., 2016). In addition to future research directly investi-
gating metabolic changes in the microbiome under salinity
stress, metatranscriptomic studies (e.g., Li, Long, et al.,
2021; Hou et al., 2018) aimed at identifying changes in the
expression of genes involved in microbial community (and
plant) stress tolerance could prove valuable for assessing
the importance of microbial local adaptation to stress in the
salinity legacy effects on plant performance.

CONCLUSION

Salinity stress in the Anthropocene is becoming an issue of
increasing importance that has enormous implications for
primary producers and the communities they support
(Ogurcak et al., 2019; Taillie et al., 2019). Our results sup-
port the conclusion that interacting with stress-experienced
microbiomes is an important pathway for in situ adaptation
to salinity stress for coastal plants faced with sea level rise
and storm surges. In particular, our study illustrates the
importance of microbiome salinity legacy, emphasizing that
the overall performance of a key coastal foundation species
in high-stress environments depends not only on having a
microbiome but also on the microbiome’s having experi-
ence with a given stressor. By identifying a factor
(i.e., microbiome salinity legacy) that can be easily charac-
terized using simple tools and that also explains when
microbes can benefit a foundation species, this work con-
tributes to the formation of a predictive framework for
understanding when to expect the microbiome mitigation
of salinity stress. Based on this insight, we also suggest that
future work that examines microbiome composition, niche
limitation, and functional responses in nature is needed, as
are experimental manipulations to further distinguish the
underlying mechanisms for the legacy effects described
herein. By combining the critical knowledge obtained from
our study—that microbiome salinity legacy effects matter at
a crucial life history stage of a foundation species—with
studies that elucidate the ecological mechanism for these
effects, insight will be gained into how foliar microbiomes
affect plant response to increasing stress, perhaps suggesting
key roles for microbiomes in the management of coastal
ecosystems. For instance, identifying which components of
salinity legacy microbiomes are involved in conferring ben-
efits on plants as well as their functional roles and how they
are transmitted can lead to the development of careful and
effective strategies for improving plant restoration with
microbial inoculation. Overall, we hope that this study will
inspire more research into microbial mitigation of salinity
stress and, because of the important role mangroves play in
protection from hurricanes, resistance of coastal erosion,
and economically and ecologically important fisheries,
will represent a step toward practical consideration of

microbiomes in the management and restoration of coastal
plant communities.
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