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Marine infectious diseases can have large-scale impacts when they affect foundation
species such as seagrasses and corals. Interactions between host and disease, in
turn, may be modulated by multiple perturbations associated with global change.
A case in point is the infection of the foundation species Zostera marina (eelgrass)
with endophytic net slime molds (Labyrinthula zosterae), the putative agent of eelgrass
wasting disease that caused one of the most severe marine pandemics across the
North-Atlantic in the 1930s. The contemporary presence of L. zosterae in many eelgrass
meadows throughout Europe raises the question whether such a pandemic may re-
appear if coastal waters become more eutrophic, warmer and less saline. Accordingly,
we exposed uninfected Baltic Sea Z. marina plants raised from seeds to full factorial
combinations of controlled L. zosterae inoculation, heat stress, light limitation (mimicking
one consequence of eutrophication) and two salinity levels. We followed eelgrass
wasting disease dynamics, along with several eelgrass responses such as leaf growth,
mortality and carbohydrate storage, as well as the ability of plants to chemically inhibit
L. zosterae growth. Contrary to our expectation, inoculation with L. zosterae reduced
leaf growth and survival only under the most adverse condition to eelgrass (reduced
light and warm temperatures). We detected a strong interaction between salinity and
temperature on L. zosterae abundance and pathogenicity. The protist was unable to
infect eelgrass under high temperature (27°C) in combination with low salinity (12 psu).
With the exception of a small positive effect of temperature alone, no further effects
of any of the treatment combinations on the defense capacity of eelgrass against
L. zosterae were detectable. This work supports the idea that contemporary L. zosterae
isolates neither represent an immediate risk for eelgrass beds in the Baltic Sea, nor a
future one under the predicted salinity decrease and warming of the Baltic Sea.

Keywords: Zostera marina, seagrass, wasting disease, climate change, holobiont, host-pathogen interaction,
stress, heat wave
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INTRODUCTION

Environmental stressors may change complex species
interactions resulting in broad ecological restructuring (Aratjo
and Luoto, 2007; Tylianakis et al., 2008; Van der Putten et al.,
2010; Yang and Rudolf, 2010). Key examples are co-evolved
host — microbe interactions, which may change their nature in
response to environmental stress. For example, commensals
can turn pathogenic, as is the case for coral disease (Bally
and Garrabou, 2007), or mutualists such as coral symbionts
may become harmful and are thus expelled from the coral
host (Webster and Reusch, 2017). It has been argued that
disease prevalence will increase under progressive severity of
global change (Harvell et al., 1999, 2002). Under this scenario,
commensals and opportunistic pathogens are more likely to
cause a disease because either the host immune competence
is compromised, and/or pathogen reproduction rates
increase (Burge et al., 2013).

For most marine host-pathogen systems the influence of
environmental factors is unresolved. This applies to the seagrass -
‘wasting disease’ interaction, where species of marine flowering
plants are infected by a colonial protist species belonging to the
Stramenopiles (Labyrinthulidae, net slime molds). Seagrasses are
foundation species that build up extensive meadows in shallow
coastal waters, providing a variety of valuable ecosystem services
(Costanza et al., 1998; Cullen-Unsworth et al., 2014). At the
same time, these ecosystems are declining globally at a rate
faster than rain forests owing to a multitude of factors such
as eutrophication, coastal construction, global warming, and
invasive species (Orth et al., 2006; Waycott et al., 2009). Most
notably in the context of our study, the largest reported seagrass
die-off was caused by the ‘wasting disease’ that devastated
populations of eelgrass (Zostera marina L.) on both sides of the
Atlantic in the 1930s (Den Hartog, 1987). During the pandemic,
necrotic lesions rapidly spread on eelgrass leaves followed by
leaf detachment and final death of eelgrass shoots (Muehlstein,
1989). Lesions were later causally related to an infection by
the marine net slime mold Labyrinthula zosterae (Short et al.,
1987; Muehlstein et al., 1988). L. zosterae and other Labyrinthula
spp. are endophytes that inhabit leaves of various seagrass
species (Martin et al., 2016), feeding on plant cell organelles by
osmotrophy (Muehlstein, 1992; Raghukumar, 2002).

Today, a presumably pathogenic strain based on full length
18S sequencing of L. zosterae is widespread in eelgrass meadows
in the Atlantic and Pacific Ocean, without being associated
with mass-mortalities (Bockelmann et al., 2012, 2013; Martin
et al., 2016). The ubiquitous presence of moderate abundances
of L. zosterae in contemporary eelgrass meadows without
disease symptoms against the background of proceeding global
environmental change raises the question whether environmental
stressors and their interaction can change the interaction between
eelgrass and L. zosterae (Olsen and Duarte, 2015; Bishop
et al., 2017; Jakobsson-Thor et al., 2018; Sullivan et al., 2018).
Moreover, interactions with the plant host defense system may
play an important role for controlling infections via plant
secondary metabolites (reviewed in Zidorn, 2016). For example,
in Z. marina, presumably L. zosterae induced lesion coverage was

correlated to the production of phenolic compounds, and their
production was induced by experimental L. zosterae infection
(Vergeer and Develi, 1997; McKone and Tanner, 2009).

Thus, an experiment is highly warranted that manipulates
several stressors simultaneously to study the responses of the
seagrass — ‘wasting disease’ interaction. While some recent work
addresses the interaction of temperature and light on eelgrass
leaves in Z. marina (Dawkins et al., 2018), and of sediment
oxygen, sulfide, temperature and light on entire plants of the
tropical species Thalassia testudinum (Bishop et al., 2017), we
here present for the first time a study using entire plants that
were raised from seeds and thus were infection free at the time
of controlled inoculation. One additional factor may impede
L. zosterae abundance and virulence in planta is salinity, with
low levels of salinity being correlated with weak or absent disease
symptoms and higher resistance of eelgrass plants to infection
(Pokorny, 1967; Muehlstein et al., 1988; McKone and Tanner,
2009). In the light of decreasing salinity levels in the southwestern
part of the Baltic Sea (Meier et al., 2006) this motivated us to also
include salinity as another experimental factor.

Here, we present results of a multifactorial experimental
designed to evaluate responses to simultaneously occurring
stressors and investigated the influence of shading, elevated
temperatures and decreased salinity level and their interaction
on wasting disease dynamics in Zostera marina. We raised
naive eelgrass plants from the southwestern Baltic Sea and
experimentally inoculated them with sympatric L. zosterae
isolates belonging to a putatively pathogenic phylotype. We
hypothesized that light limitation (as one key consequence of
water column eutrophication), heat stress and decreased salinity
would change the infectivity of and virulence ( = damage to
the host) caused by L. zosterae. While we were expecting ocean
warming and low light levels to disfavor the plant host, we
were predicting low salinity to reduce L. zosterae infectivity and
virulence. As seagrasses are known to produce a wide range of
secondary metabolites that can inhibit growth of microorganisms
(reviewed in Zidorn, 2016), we also used leaf extracts to assess
whether or not those inhibit L. zosterae growth. Further, we
hypothesized that there are synergistic effects between stressors
that would escape detection in a single factor experiment.

MATERIALS AND METHODS

Cultivation of Eelgrass and
Labyrinthula zosterae

We raised uninfected eelgrass plants during the year before
the experimentation from seeds collected from fruiting shoots
collected from two nearby field locations in July 2014 (south-
western Baltic Sea: Strande N 54.434, E 10.170, Eckernférde N
54.449, E 9.871) After final ripening of reproductive shoots in
large indoor tanks, ripe seeds were sown in plastic containers
into 2 cm of sterilized silicate sediment and vernalized for
75 days at darkness and 6°C. Upon slowly increasing water
temperatures, about 20% of the seeds germinated at 8°C and grew
as seedlings for half a year in tanks with sterilized sediments
and filtered seawater. For more details on eelgrass rearing
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see Supplementary Note S1. In August 2015, Labyrinthula
zosterae cultures were isolated according to published protocols
(Bockelmann et al., 2012) from eelgrass leaves displaying typical
wasting disease symptoms at one of the seed collection sites
(Strande: N 54.434, E 10.170). Briefly, eelgrass leaves were surface
sterilized, cut into pieces and incubated on seawater growth
medium plates at a salinity of 25 psu (see Bockelmann et al.,
2012). As soon as L. zosterae cultures appeared, these were
transferred to seawater growth medium plates with salinity
levels ranging from 12 to 25 psu to support a high potential
diversity of L. zosterae genotypes by providing a salinity gradient.
L. zosterae cultures were proliferated for 2 weeks to obtain
sufficient culture material for the inoculation treatment. After
isolation, colony morphology was inspected with a dissecting
microscope at 60x for the typical colony form of Labyrinthula
sp. and DNA sequencing of the full-length 18S rDNA confirmed
100% identity to a previously identified L. zosterae phylotype
from the North-Atlantic (GenBank acc. no MG333729).

Experimental Design, Experimental

Conditions and Treatments

Mature eelgrass plants raised from seeds (see Supplementary
Note S1) had a total length of 25-35 cm and first side shoots.
They were planted in plastic (PE) boxes (16 x 26 x 16 cm)
filled to a height of 12 cm with natural sediment from
the Baltic Sea (N 54.394, E 10.190). Two groups of three
individual plants with confirmed genotypic difference were
weighed and planted into the boxes at approximately equal
distance from one another. Two boxes each were submerged
in one 300 L tank of which one would receive L. zosterae
inoculation. Plants across boxes were unable to touch each
other. Water within the tanks was aerated and circulated
within tanks a rate of ~700 L-h~!. Titan heating elements
(Schego, Germany) along with a controlling system (Biotherm,
Hobby-Aquaristik, Germany) adjusted temperatures throughout
the experiment in each tank individually. Metal-halide lamps
(Philips, Master Green Power 400 W, light intensity at canopy
height of seagrasses ~195 pmol-photons-s~!-m~2) provided
light in 16:8 h light/dark cycle corresponding to local summer
conditions. During the experiment half of the water volume
was exchanged every second week. Temperature and salinity
were measured daily.

The experimental factors heat stress (yes/no), light availability
(shaded/full light), salinity (12/25 psu), and inoculation with
L. zosterae (yes/no) were fully crossed. Treatment combinations
of heat stress and salinity were replicated three times at the level
individual tanks (2 x 2 x 3 = 12 experimental units = 300 L
tanks). The light treatment was nested within tanks, with one
side of the tank covered by a shading panel, while the other
half of the tank received full light intensity. Fully crossed within
tanks were also the two planting boxes, representing the sub-
replicates in terms of controlled inoculation (Figure 1). The
tanks received a water exchange of 1/3 every week and were
otherwise independent from one another. Water was not checked
for the presence of L. zosterae as previous assays revealed no
detectable abundance.

The temperature treatment simulated a future summer heat
wave and attained a temperature of 27°C for 10 days. The
length of the heat wave corresponded to the 2003 heat wave in
central Europe (Reusch et al., 2005). The chosen temperature
treatment represented an extreme weather event, which is
expected to become more frequent in the future due to climate
change (IPCC, 2014). The ambient treatment had a temperature
of 22°C (Figure 2). In full combination to the temperature
treatment, we applied a shading treatment that reduced the
light intensity by 80% from ~195 pmol-photons-m~2.s7!
to ~40 wmol-m~2-s7!, simulating light reductions owing to
eutrophication (Short et al., 1995).

The seagrass - Labyrinthula sp. interaction is strongly
influenced by salinity (McKone and Tanner, 2009; Trevathan
et al., 2011). At the same time, the Baltic Sea is expected to
undergo major salinity reductions in the coming decades (Meier
et al, 2006). Hence we tested a medium salinity of 25 psu
for our area with one that is at the lower end of the salinity
distribution (12 psu; Hiebenthal et al., 2013). To obtain water
of salinity 12 and 25 psu we mixed filtered (5 pm) Baltic Sea
water of approximately 15 psu and added either artificial sea
salt (Seequasal GmbH) or deionized water and tap water (1:1) to
reach salinity 12 or 25 psu, respectively.

Controlled inoculation by L. zosterae was performed as
described in Brakel et al. (2014) on the second day of shading
and heat wave exposure and simulated infection spread through
physical contact of infected leaves. In brief, sterile medical gauze
pieces of 1.5 x 1.5 cm size were placed on seawater growth
medium plates with or without L. zosterae culture material. Gauze
pieces were incubated on these plates for 5 days until L. zosterae
culture had overgrown the gauze pieces. Gauzes were attached
carefully via wrapping with soft plastic-coated wire for 48 h to
the leaf of the second and third rank of the eelgrass shoots. The
control plats were sham inoculated, thus all manipulation was
done identical except that the gauze contained no L. zosterae.

Sampling and Response Variables

Wasting disease symptoms and numbers of L. zosterae cells in
leaf tissue were determined at the second and eighth day post
inoculation of the leaf of third and second rank, respectively.
Note that in Z. marina, the first leaf is very fast growing and
sometimes hardly visible, hence the first fully grown leaf is the
second leaf. Typical wasting disease symptoms are black necrotic
irregular lesions on eelgrass leaves. Percent lesion coverage on
the leaves (“wasting disease index”; Burdick et al., 1993) was
determined by measuring the length of the necrotic black lesions
and the maximum leaf length with a ruler, assuming that leaf
width is constant over the time course of the experiment within
a plant. To quantify L. zosterae cells within leaf tissue with
molecular methods (Bergmann et al., 2011), we harvested a leaf
piece from 5 cm below to 5 cm above inoculated site. Leaf pieces
were air dried, weighed and powdered by a ball mill (Retsch,
Germany). We extracted DNA with Invisorb® DNA Plant HTS
96 Kit (Stratec Molecular, Germany) following the manufacturer’s
instructions, with the modification to add 500 ng pL~! Salmon
sperm DNA (Life Technologies, United States) to saturate silica
columns with non-targeted DNA. Real time quantitative PCR
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FIGURE 1 | Experimental design of the eelgrass-Labyrinthula multi-stressor experiment. Depicted is the distribution of tanks and experimental units, and the
corresponding temperature, salinity, light and L. zosterae inoculation treatment. Treatments were randomized in space with respect to the temperature treatments.
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FIGURE 2 | Environmental parameters during the inoculation experiment. Panels depict (from top to bottom) temperature (°C, A), light (umol-m~2.s~1, B), and
salinity (psu, practical salinity units, C) values over time. Black vertical line indicates the day when eelgrass plants were inoculated with Labyrinthula zosterae (or
sham-inoculation as control).
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(RT-qPCR) was performed as described in Bergmann et al. (2011)
and Bockelmann et al. (2013) by a Tagman probe based assay.
A standard curve was prepared of the same L. zosterae strain
used for inoculation, and included on each RT-qPCR plate; 0.5
cells (C: 36.22 4 0.26), 15 cells (Ct: 30.52 % 0.12), and 150 cells
(Cr:25.64 £ 0.37).

Eelgrass leaf growth rate was determined during and after
the 10-day stress phase of reduced light /enhanced temperature.
Therefore, leaf length of all leaves was measured twice over a 7-
day interval. As a measure of damage to the plant (=virulence),
we also calculated the ‘net growth rate’ by subtracting leaf growth
rate by lesion expansion rate.

We counted shoots including new side shoots throughout
the experiments and calculated vegetative reproduction rates,
respectively mortality. Plant dry weight (as a proxy for
biomass production), measurement of soluble carbohydrates and
chemical defense capability of leaf extracts was measured at
the end of the experiment. Twenty four days post inoculation
(45 days total) all main shoots were carefully excavated, cleaned
from sediment, freeze-dried for 72 h and weighed. An aliquot
of leaf tissue was homogenized with a ball mill for analysis of
soluble carbohydrates and extraction of chemical compounds for
the L. zosterae growth assay (see below). For starch measurement
in the belowground tissue, a part of the rhizome (without roots)
between first and third internode was homogenized.

Carbohydrates were extracted according to Huber and Israel
(1982) with modifications. Briefly, sucrose was extracted by
boiling the plant material in 90% (v/v) MeOH four times.
Starch was recovered subsequently from methanol-insoluble
plant residuals. These residuals were incubated for 12 h with
0.1 M NaOH. Starch concentrations were determined in a
photometric assay with anthrone at 640 nm, relating sample
absorbance to a standard curve (Yemm and Willis, 1954), while
sucrose was determined in a photometric assay with resorcinol
measuring absorbance at 486 nm (Huber and Israel, 1982).

To investigate whether the inhibitory effect against
L. zosterae differs between eelgrass shoots subjected to different
environmental stressors, 6.5 mg of the aboveground biomass of
each shoot was extracted in methanol: dichloromethane (1:1) for
1 h under gentle mixing. Plant debris was removed by filtering
and solvents were evaporated under nitrogen gas. The inhibition
capacity of eelgrass extracts against L. zosterae growth was
assessed in liquid medium in a modified growth assay described
in Martin et al. (2009). Each sample was re-dissolved in 1 mL
liquid growth media (seawater growth medium without agar)
containing 1% dimethyl sulfoxide, resulting in a 1/13 volumetric
concentration of the leaf. The samples were transferred to 6
well plates (@ = 35 mm), and L. zosterae plugs (© = 7 mm)
taken from cultures growing on agar plates were placed faced
down in the center of each well. Wells containing growth media
and 1% DMSO without eelgrass extracts (n = 18) served as
negative controls (Jakobsson-Thor et al., 2019). The well plates
were covered and incubated at 25°C in the dark. After 14 h the
L. zosterae colony growth was marked, photographed and the
total area of the colony was quantified. The detection limit of our
quantitative PCR method is about 20 cells *mg dry weight~! of
extracted Z. marina tissue (corresponding to 2 mg dry weight

extracted material and an aliquot of 1/40 used in the PCR
reaction = 1 cell per PCR reaction).

Statistical Analysis
To evaluate L. zosterae cell numbers, lesion coverage, net growth
and inhibition capacity of eelgrass extracts we applied a linear
mixed model of the package Ime4 (Bates et al., 2014) within R
version 3.1.2. This method estimated the approximate degrees
of freedom through maximum-likelihood (Kenward and Roger,
1997). To account for sub-replication within the tank, we
defined ‘aquaria’ (box with planted eelgrass shoots) nested in
‘tank’ as a random factor. Salinity, temperature, light intensity
and inoculation were assigned as fixed factors allowing for all
possible interactions. We performed an ANOVA (type III sums
of squares). To achieve normality data of L. zosterae cell numbers
and lesion coverage the data was log transformed. We inspected
normality, homogeneity of residuals visually examining qq-plots.
Fitness associated parameters (leaf growth rates, survival of
eelgrass main shoot, production rate of side shoots, eelgrass
dry weight as a proxy for biomass production, sucrose and
starch concentration in leaves and rhizome) were interrelated
and not independent. To reduce type 1 error we analyzed
the parameters by multivariate analysis. A PERMANOVA was
conducted, using Euclidian distances and 9999 permutations of
the package vegan (Oksanen et al.,, 2016). As a PERMANOVA
does not handle random factors, we calculated the mean values
of samples from the same aquarium. For PCA graphs we
performed a z-scaling. All primary data were deposited in the
data repository PANGAEA under the doi: https://doi.pangaea.de/
10.1594/PANGAEA.897188.

RESULTS

Abundance and Pathogenicity of

Labyrinthula zosterae

In order to assess the infection success and the ability to produce
disease symptoms under different environmental treatments, we
evaluated L. zosterae cell numbers in leaf tissue in parallel with
the measurement wasting disease symptoms (lesion coverage) on
inoculated leaves 2 and 8 days post inoculation.

Sham-inoculated plants (thus only administering the gauze
onto leaves) harbored no detectable L. zosterae at the onset of the
experiment. In contrast to our initial hypothesis, L. zosterae cell
numbers were neither generally elevated at higher temperature,
nor under the shading treatment imposing low light stress
on eelgrass. Overall, L. zosterae abundance declined over time
in terms of lesion coverage (Figures 3A,C) and numbers
(Figures 3B,D). We detected on average 17,600 and 4,900
L. zosterae cells mg leaf dry weight™! at day 2 and 8 post
inoculation, respectively.

Labyrinthula zosterae cell numbers differed as a function
of temperature (main effect) and more importantly owing
to an interaction among temperature and salinity treatments
(Table 1). At both sampling points, only under the high
temperatures did we find a pronounced negative effect of
low salinity the low compared to high salinity level (12 vs.
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25 psu) on both, lesion coverage (Figures 3A,C) and L. zosterae
cell numbers (Figures 3B,D). Under low salinity and high
temperature (27°C) L. zosterae was rare within seagrass leaves
[31.90 £+ 6.98 and 25.65 £ 17.84 (mean =+ 1SE) cells mg leaf
dry weight™!] and did not exceed the threshold abundance
of the inoculation control (Figures 3B,D). Control treatments
without experimental inoculation at most attained 0.2% of the
L. zosterae abundance in inoculated treatments 8 days post
inoculation. Two days post infection, we also verified that non-
inoculated plants (N = 6 across treatments) only had very low
L. zosterae background concentrations (41.6 £ 17 cells *mg dry
weight ™! mean & 1 SE) which were at the detection limit of our
quantitative PCR method.

Necrotic lesion coverage (Figures 3A,C) mostly followed
the trends of L. zosterae cell numbers (Figures 3B,D) and
were positively correlated at both time points (Spearman rank
correlation, 2 days post inoculation: rs = 0.92, N = 63, p < 0.001;
8 days post inoculation: rs = 0.83, N = 68, p < 0.001).
Similarly to L. zosterae cell numbers lesions were neither elevated
significantly at higher temperature imposing heat stress on
the plants, nor under the shading treatment imposing low
light stress. Smaller lesions developed at low compared to
high salinity (ANOVA, Fig = 6.48, p = 0.03, Table 1 and

Figure 3) 2 days post inoculation. Lesion coverage was 55%
smaller in plants at 12 psu and 22°C compared to plants
at salinity 25 at the same temperature. At low salinity level
and high temperatures no visible necrotic lesions developed
(Figures 3A,C). The interaction of temperature and low salinity
significantly affected lesion coverage 8 days post inoculation
(ANOVA, F, 3 = 6.47, p = 0.03, Table 1). The highest lesion
coverage was detected on light limited plants at 27°C and high
salinity with 45.42 £ 13.51% (mean =+ 1SE) coverage, however,
the interaction between temperature, salinity and light was not
statistically significant (Table 1).

We then calculated how fast lesions would spread along the
leaf during the stress treatment (Figures 4A,B). These ranged on
average per treatment between 0.55 cm-d~! (full light, salinity 12,
22°C) and 1.73 cm-d~! (shaded, salinity 25, 27°C). To examine
the added effect of necrotic lesion and reduced growth due to
the stress treatment we calculated a net growth rate value by
subtracting leaf growth rate by lesion expansion rate (Figure 4C).
While leaf growth rates exceeded lesion expansion in most
treatments, this was not the case in shaded heat stressed plants at
25 psu, where the average net growth rate & 1 SE was negative
(—0.41 & 0.68 cm-d~1). There was a trend that light intensity
increased net growth rates (F) 7 = 4.34, p = 0.08).
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TABLE 1 | Generalized linear mixed model: effects of two salinity levels, two light levels, and two temperature levels on Labyrinthula zosterae abundance, quantified as
cells mg dry weight leaf tissue~ ' and lesion coverage [%)] of leaves 2 and 8 days post inoculation, respectively.

F Df Df res P
No. L. zosterae cells 2 days post inoculation Salinity 0.43 1 8.86 0.53
Light 0.07 1 6.69 0.80
Temperature 11.15 1 9.42 0.01
Sallinity: Light <0.01 1 5.80 0.99
Salinity: Temperature 6.78 1 9.06 0.03
Light: Temperature 0.02 1 6.63 0.89
Salinity: Light: Temperature 0.07 1 5.63 0.80
No. L. zosterae cells 8 days post inoculation Salinity 0.1308 1 9.47 0.72
Light 1.98 1 4.76 0.22
Temperature 13.23 1 9.84 <0.01
Salinity: Light 3.12 1 5.06 0.14
Salinity: Temperature 5.19 1 10.63 0.04
Light: Temperature 0.31 1 8.18 0.59
Salinity: Light: Temperature 0.73 1 6.87 0.42
Lesion coverage [%] 2 days post inoculation Salinity 6.48 1 8.02 0.03
Light 0.29 1 7.41 0.60
Temperature 1.34 1 8.01 0.27
Salinity: Light 0.01 1 7.66 0.91
Salinity: Temperature 2.81 1 8.05 0.13
Light: Temperature 0.27 1 7.80 0.61
Salinity: Light: Temperature 0.57 1 7.93 0.47
Lesion coverage [%] 8 days post inoculation Salinity 7.47 1 8.13 0.02
Light 0.64 1 7.67 0.45
Temperature 8.14 1 8.13 0.02
Sallinity: Light 0.15 1 8.18 0.71
Salinity: Temperature 6.47 1 8.26 0.03
Light: Temperature 0.30 1 8.39 0.59
Salinity: Light: Temperature 1.68 1 8.76 0.22

Only inoculated plants were considered as there were neither lesions nor measurable L. zosterae abundance in the non-inoculated treatment. The residual degrees of
freedom were estimated according to the restricted maximum likelihood approach of a Kernward—-Roger approximation, implemented in the R-package “car”. Boldface

p-values are statistically significant.

Capacity of Eelgrass Extracts to Inhibit

L. zosterae Growth

Diluted leaf extracts in all treatments inhibited L. zosterae
growth significantly compared to the control medium without
eelgrass extracts (ANOVA, Fji4 = 251.06, p < 0.001).
The inhibition capacity compared to the control ranged
between 20.0 and 90.2%. Temperature treatment increased the
inhibition capacity. Extracts from eelgrass shoots exposed to
the heat wave inhibiting L. zosterae growth 7% more than
in non-heat stressed plants (Figure 5 ANOVA, Fj 39 = 4.65,
p = 0.04). Exposure to one of the other treatments (inoculation,
light or salinity), or any interaction of these, did not
influence the inhibiting capacity of Z. marina extracts (Table 2
and Figure 5).

Eelgrass Fithess Associated Parameters

To assess the damage L. zosterae infection causes in eelgrass
under different environmental treatments, we assessed
several eelgrass fitness associated parameters, namely leaf
growth rates, shoot survival, rate of side shoot production,

eelgrass dry weight as a proxy for biomass production, and
sucrose and starch concentration in leaves and rhizome.
Heat stress treatment had the strongest effect on eelgrass
responses (PERMANOVA: F; = 331, p = 0.03, Table 3
and Figure 6). Replicates clustered in opposite corners
of a PCA diagram displaying axis 1 and 2 with 26.3
and 22.2% of the variation explained, respectively, as a
function of the temperature treatment. In an indicator
variable analysis, vectors of leaf growth rate, survival and
leaf sucrose concentration pointing toward the non-heat
stressed plants in the lower left corner, indicating that plants
subjected to heat stress had lower growth rates, survived
less frequently and had lower leaf sucrose concentration.
In contrast, biomass, eelgrass vegetative shoot production
and starch content (leaf and rhizome) contributed only little
to the clustering.

Light limitation had the second strongest effect on eelgrass
(PERMANOVA: F; = 2.88, p = 0.05, Table 3 and Figure 6).
Similar to responses to heat stress, light limited plants clustered
more to the upper right corner, while data points corresponding
to full light conditions were found in the lower left corner.
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calculated by subtracting the leaf growth rate by lesion expansion rate in cm-d="1.
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FIGURE 4 | Growth response of eelgrass inoculated by L. zosterae to a combination of abiotic treatments (A) Leaf growth rates of inoculated plants according to the
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FIGURE 5 | Inhibition capacity of eelgrass extracts on Labyrinthula zosterae growth according to experimental treatments to which eelgrass shoots were exposed
during the experiment. Control represents L. zosterae growth in liquid growth medium without eelgrass extracts. L. zosterae growth assays were performed for all
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TABLE 2 | Generalized linear mixed model results for eelgrass extract inhibition
capacity on Labyrinthula zosterae growth according to experimental treatments
from which eelgrass shoots were exposed to during experiment.

Effect F Df Df res P

Salinity 0.56 1 30.41 0.46
Light 0.30 1 15.58 0.59
Temperature 4.65 1 29.37 0.04*
Infection 0.25 1 29.97 0.62
Salinity: Light 0.98 1 18.00 0.34
Salinity: Temperature 1.27 1 28.56 0.27
Light: Temperature 1.95 1 13.66 0.19
Salinity: Inoculation 0.12 1 27.98 0.73
Light: Inoculation 0.12 1 16.44 0.73
Temperature: Inoculation 3.20 1 28.16 0.08
Salinity: Light: Temperature 217 1 15.06 0.16
Salinity: Light: Inoculation 0.10 1 19.08 0.76
Salinity: Temperature: Inoculation 1.562 1 27.35 0.23
Light: Temperature: Inoculation 0.85 1 14.08 0.37
Salinity: Light: Temperature: Inoculation 0.22 1 156.62 0.65

Random factor: tank nested in aquarium. The residual degrees of freedom (DF
res) were estimated according to the restricted maximum likelihood approach of
a Kernward-Roger approximation, implemented in the R-package “car”. SS, sums
of squares; MS, mean squares, df, degrees of freedom. Boldface p-values are
statistically significant.

A distinct cluster was formed by data from non-inoculated plants
under full light and heat stress, indicating the highest mortality,
smallest leaf growth and lowest leaf sucrose. There was a trend
for an interactive effect of inoculation treatment and shading
(PERMANOVA: F; = 2.37, p = 0.07). Salinity or the interaction
of salinity with the other treatments did not significantly affect
fitness-associated parameters (Table 3).

DISCUSSION

It is still contentious whether or not marine diseases are
increasing in the face of global warming and increasing
anthropogenic pressure on marine ecosystems (Harvell et al.,
2002; Lafferty et al., 2004). Here, we present one of the first studies
investigating the combined effect of multiple stressors on a key
marine host-pathogen system. To the best of our knowledge,
we establish an infection protocol based on non-infected
plant hosts that were initially raised from seeds for the first
time in combination with a realistic, multi-stressor experiment
addressing several expected environmental perturbations of the
global coastal ocean. We focused on the infection of eelgrass
by Labyrinthula zosterae, an interaction that was putatively
responsible for one of the largest pandemics ever recorded in
marine systems, when 90% of the trans-Atlantic populations of
eelgrass disappeared in the 1930s (Den Hartog, 1987; Muehlstein,
1989), and that results in detrimental negative effects on plant
performance such as photosynthesis (Ralph and Short, 2002).
We tested the combined effect of some of the most severe
causes of seagrass decline worldwide (Waycott et al, 2009;
Duarte et al, 2018), namely elevated temperature, shading
(mimicking increased turbidity as one major consequence of
water column eutrophication) and two salinity levels on the
eelgrass — L. zosterae interaction. Moreover, both warming and
decreasing salinities well above the average for the Atlantic
region are two of the key changes predicted for the Baltic
Sea in the coming decades, as well as for other temperate
coastal regions throughout the northern hemisphere (Meier
et al, 2006; Reusch et al., 2018). Neither of the stressful
conditions in isolation resulted in L. zosterae becoming more
virulent. Instead we detected a negative synergistic interaction
between high temperatures and low salinity, preventing wasting

TABLE 3 | PERMANOVA results of eelgrass fitness associated measures (leaf growth rate, side shoot production, survival rate, root starch concentration, leaf starch
concentration, leaf sucrose concentration, plant dry weight) according to experimental treatments.

Effect Df Ss Ms F model R? P-value
Temperature 1 4.87 4.87 3.31 0.06 0.03 *
Inoculation 1 0.51 0.51 0.34 <0.01 0.77
Salinity 1 2.00 2.00 1.36 0.02 0.25
Light 1 4.23 4.23 2.88 0.05 0.05*
Temperature: Inoculation 1 0.60 0.60 0.40 <0.01 0.72
Temperature: Salinity 1 1.42 1.42 0.96 0.01 0.39
Temperature: Light 1 2.72 2.72 1.85 0.03 0.15
Inoculation: Salinity 1 0.56 0.56 0.38 <0.01 0.74
Infection: Light 1 3.49 3.49 2.37 0.04 0.07
Sallinity: Light 1 2.09 2.09 1.42 0.02 0.23
Temperature: Inoculation: Salinity 1 1.02 1.02 0.69 0.01 0.52
Temperature: Inoculation: Light 1 1.02 1.02 0.69 0.01 0.52
Temperature: Salinity: Light 1 1.52 1.52 1.03 0.02 0.36
Inoculation: Salinity: Light 1 2.08 2.08 1.41 0.02 0.24
Temperature: Inoculation: Salinity: Light 1 0.36 0.36 0.25 <0.01 0.85
Residuals 32 47.05 1.47 0.62

Total a7 75.61 1.00

SS, sums of squares; MS, mean squares; df, degrees of freedom. Boldface p-values are statistically significant.
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disease symptoms and keeping the abundance of L. zosterae
low within eelgrass leaf tissue. A similar decrease of wasting
disease symptoms was reported for temperatures above 28°C for
Posidonia oceanica and Cymodocea nodosa in the Mediterranean
after experimental infection with a Labyrinthula sp. isolate
from its respective host (Olsen et al., 2014; Olsen and Duarte,
2015). In vitro cultivations of these Labyrinthula sp. isolates
revealed that temperatures > 28°C decreased reproduction of
the protist. Similarly, a decline in reproduction rates in low
saline medium including the failure to produce an ectoplasmic
network has been found for several marine Labyrinthula
spp. (Young, 1943; Pokorny, 1967; Muehlstein et al., 1988;
Martin et al., 2009). That a particular combination of both
stressors (high temperature and low salinity) led to reduced
performance of L. zosterae in the present study in planta
would have been missed had we only performed single factor
experimentation. Our finding is analogous to interactive effects
found in Caribbean turtlegrass Thalassia testudinum infected by
another Labyrinthula species, where the hypothesized stressors
for the plant were actually more stressful to the protist
(Bishop et al., 2017).

We still know little on the interaction of light availability
and temperature on seagrass wasting disease dynamics (but

see Dawkins et al, 2018 on eelgrass leaf tissue). Wasting
disease occurrence in temperate eelgrass populations peaks
during the warmest period of the year (Hily et al, 2002;
Bockelmann et al, 2013), which might indicate a positive
influence of warmer temperatures. Olsen and co-authors isolated
Labyrinthula spp. from Posidonia oceanica and Cymodocea
nodosa in the Mediterranean and investigated the influence
of temperature on wasting disease symptoms in the respective
seagrass species. Here, high summer temperatures limited the
spread of necrotic lesions in both seagrass species (Olsen et al.,
2014; Olsen and Duarte, 2015), thus it was again the protist
that suffered more from global change. As for light availability,
Vergeer et al. (1995) reported that light limitation increased
wasting disease occurrence on eelgrass in a pilot experiment with
little replication, but unfortunately did not follow up on it.

In contrast to seagrass-Labyrinthula interaction in the
Mediterranean Sea, where high summer temperatures reduce
pathogen pressure (Olsen et al., 2014; Olsen and Duarte, 2015),
our results show that under favorable (i.e., high) salinities for
the endophyte, the tested L. zosterae isolate can sustain and
efficiently infect eelgrass at temperatures of 27°C. This suggests
that in temperate regions, where 27°C is at the warm end of
possible sea surface temperatures (Reusch et al., 2018), L. zosterae
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could potentially benefit at high temperatures at the expense
of its host plant.

Neither of the treatment combinations was able to reduce
the inhibition capacity of eelgrass leaf extracts on L. zosterae
growth (Figure 5). Although we do not know how L. zosterae
growth inhibition in the assay relates to in planta defense, the
results are a first indication that neither low light stress, heat
stress nor their combined effects reduces the production of
inhibitory compounds. Our result also corroborate studies of
the inhibitory effect of eelgrass extracts collected from different
salinity regimes on the Swedish west coast that found no effect of
salinity regime origin (Jakobsson-Thor et al., 2018). In contrast
to studies on phenolic acids, which has been hypothesized to
be a chemical defense against L. zosterae (Vergeer et al., 1995),
the inhibitory effect on L. zosterae by Z. marina compounds
extracted in our study did not decrease by light limitation or
elevated temperatures.

When the host defense fails to prevent the entry of potential
pathogens, the ability to tolerate an infection is a key trait.
An important tolerance mechanism is the compensation of
necrotic tissue expansion via leaf growth. Only under the
most adverse treatment combination to Z. marina of low light
intensity, high temperature and high salinity level (the latter
indirectly favoring the pathogen) necrotic lesion expansion by
the endophyte exceeded leaf growth rates, with a concomitant
net loss of photosynthetic active tissue. In our experiment we
applied shading for only 10 days. Hence, if leaf growth is
reduced by turbidity or epiphytes for longer time periods, for
example owing to eutrophication, lesion expansion may easily
exceed leaf growth. In such a scenario, even low pathogenic
L. zosterae genotypes could become detrimental and contribute
to the decline of eelgrass population.

Since we were unable to identify clear environmental
drivers of disease outbreak, our study cannot contribute to
solving the factors that led to the pandemic outbreak of
wasting disease in the 1930s. One possible explanation for
the 1930s pandemic is conditions unfavorable to the host
species such as extremes in temperature (Short et al., 1995)
or precipitation (Martin, 1954), reduced light intensity owing
to eutrophication (Giesen et al, 1990), or a combination of
those factors which have been invoked to favor the susceptibility
of eelgrass. Another complex of factors most likely relate
to rapid co-evolution between plant host and potentially
pathogenic protists, which this study did not address. For
example, a virulent form of the genus Labyrinthula could
have evolved and disappeared after most host plants were
wiped out in the 1930s. Alternatively, and not mutually
exclusively, susceptible eelgrass genotypes were eliminated from
the populations in the 1930s, resulting in populations resistant
to the pathogen L. zosterae. Hence, to which extent the result
observed here can be generalized or are an attribute to the
specific isolated L. zosterae phylotypes in this study remains
open with respect to a broader sampling of eelgrass and
L. zosterae diversity. It has been shown, that Labyrinthula
sp. isolates including L. zosterae, even if similar in their
18S genotype, can differ in ability to infect eelgrass plants
(Martin et al.,, 2016; Trevathan-Tackett et al., 2018). In order

to uncover the nature of eelgrass and L. zosterae interaction
we need to go further and investigate genetic diversity and
connectivity in combination with pathogenicity and virulence
assays and genome sequences from diverse isolates sampled
in the North Atlantic region. Studies should also address
possible positive symbiotic interactions such as an alleviation of
eelgrass nutrient limitation owing to the presence of L. zosterae
(Brakel et al., 2017).

CONCLUSION

To the best of our knowledge, this is the first controlled infection
study that used naive plants raised from seeds and a thorough
quantification using RT-qPCR to control sham infection, as well
as the progression of L. zosterae in planta, in combination with
three fully orthogonal stressors. Our experiments suggest that
contemporary L. zosterae isolates in the south-western Baltic
do not represent an immediate risk for eelgrass meadows even
under stressful condition, with the exception that under chronic
light stress we cannot exclude that lesion spread might exceed
leaf growth rates. To the contrary, under the warming and
desalination scenario predicted for the Baltic Sea, L. zosterae
infectivity and virulence seems to be disfavored compared to
present day performance within its plant host. However, other
L. zosterae genotypes might elicit very different responses to
the one isolated in sympatry with eelgrass from the Baltic Sea.
Although its full-length 18S rDNA sequence corresponds 100%
to the strain deposited in Genbank, which in turn is very close to
a virulent strain from North America (Bockelmann et al., 2012),
the repertoire of functional genes including virulence factors may
be very different even among isolates with the same 18S genotype.
Thus, the infectivity and virulence of other L. zosterae genotypes
and other Labyrinthula spp. is a major research gap and should
be assessed in future studies. Likewise, the rapid evolution of
microparasites such as L. zosterae, possibly favored by short
generation time, as well as the ability of host switching, or the
dispersal of virulent allopatric strains needs more study. These
processes might quickly generate local or even more widespread
eelgrass epidemics. Given the recent role of seagrass beds as one
prime target for blue carbon approaches (Duarte, 2017), these
processes urgently need further study.
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