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Effects of temperature and
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kelp Ecklonia radiata and its
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Environmental Life Sciences Engineering, Nanyang Technological University, Singapore, Singapore
Ocean warming can affect the development and physiological responses of

kelps, and under future climate change scenarios, increasing seawater

temperatures pose a major threat to these habitat-forming species. However,

little is known about the effects of warming on epiphytic bacterial communities

and how an altered microbiome may interact with temperature stress, affecting

the condition and survival of kelp, particularly of the potentially more vulnerable

early life stages. Here, we tested the effects of thermal stress on the growth and

physiological responses of juvenile kelp Ecklonia radiata in which their epiphytic

bacterial community was experimentally disrupted using antimicrobials,

simulating dysbiosis. We hypothesized that, under thermal stress (23°C,

simulating a extreme scenario of ocean warming in Tasmania), kelp with a

disrupted bacterial community would be more strongly affected than kelp with

an undisrupted microbiome or kelp under ambient temperature (14°C) but with a

disrupted microbiota. Thermal stress reduced growth, increased tissue bleaching

and negatively affected net photosynthesis of kelp. In addition, a substantial

change in the epiphytic bacterial community structure was also found under

thermal stress conditions, with an increase in the abundance of potentially

pathogenic bacterial groups. However, microbial disruption did not act

synergistically with thermal stress to affect kelp juveniles. These results suggest

that effects of elevated temperature on juvenile kelps is not microbially-mediated

and that juveniles may be less susceptible to disruptions of their microbiome.
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Introduction

Microbial communities associated with host macro-organisms

are a crucial component of many coastal ecosystems and hold an

important role in the survival, performance and reproduction of

many aquatic organisms (Abreu et al., 2022). Host-microbiome

relationships have been studied in many marine biological systems

(Apprill, 2017) providing evidence that hosts and their associated

microbiomes constitute functional ecological units, i.e. “holobionts”

(Dittami et al., 2021).

In temperate coastal environments, kelps are often dominant

organisms, playing an essential role as habitat-forming species (i.e.,

shelter or nursery effects; Hollants et al., 2013) and strongly

contributing to local primary productivity (Dolliver and

O’Connor, 2022). Kelp-associated epiphytic bacterial communities

are composed of diverse generalist and specialist groups that are

prevalent across multiple macroalgal species (e.g. Weigel et al.,

2022) and form important interactions that can be both beneficial

and detrimental to the host (Hollants et al., 2013). For example,

bacterial communities may provide their host with nutrients (e.g.

vitamin synthesis and nitrogen cycling; Croft et al., 2005 and Pfister

et al., 2019), biosynthesis of antibacterial compounds (including

terpenes and polyphenols; Goecke et al., 2010) used for pathogenic

defence and antifouling (Kanagasabhapathy et al., 2006), and can

influence zoospore settlement (e.g. bacterial biofilm produce

chemical signalling to guide zoospore settlement on host surfaces;

Joint et al., 2002), recruitment (e.g. facilitate gametophyte growth;

Morris et al., 2016) and growth (e.g. enhances sporophyte

development through nutrient exchange; Singh and Reddy, 2014).

Disruption to host-microbiota interactions can therefore have

detrimental effects on the kelp-holobiont, with potential

consequences to the ecosystems they underpin including increases

in pathogenic invasions (e.g. Qiu et al., 2019 with ocean warming),

changes in kelp population dynamics (i.e. impacts on growth,

survival, and reproduction) and disruption of biogeochemical

cycles, and food webs (Wilkins et al., 2019). Importantly, such

disruptions may exacerbate the effects of environmental stressors on

the host because the importance of beneficial interactions between

hosts and their microbiota appears to be strongest under

environmental stress (Fuggle et al., 2023).

Habitat-forming kelps are presently under increasing threat due

to climate change and ocean warming which are direct factors that

have severely decreased kelp populations, affected their associated

microbiome (Qiu et al., 2019) and in turn impacted the ecosystem

services and processes they regulate (Wernberg et al., 2011;

Monserrat et al., 2022). Temperature is one of the main drivers

that can pose a direct risk to habitat forming species (Ji and Gao,

2021) but can also become a long lasting stressor under current

scenarios of increasing temperatures due to climate change.

Changes on the overall density, diversity, composition and

specific taxa of host-associated bacterial communities occur as a

consequence of increasing temperatures (Stratil et al., 2013; Minich

et al., 2018) and has been seen to lead to detrimental effects on kelp

development and their defence mechanisms against pathogens

(Minich et al., 2018; Qiu et al., 2019). However, other studies

have also determined that temperature variability across sites
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(Weigel and Pfister, 2019) and seasonal effects (e.g. Nereocystis

luetkeana with a persisting reservoir of microbes across years in this

annual species, Weigel et al., 2022), may not severely affect kelp-

associated microbiomes and their functions which can persist

through time even with marked seasonal changes, suggesting that

kelp-associated microbiomes may be resilient to temperature

variation, as seen in other systems (Philippot et al., 2021).

Differences in the temperature response of kelps across studies,

may not only be a reflection of direct differences driven by kelp

species specific thermal tolerances, life stage, genotype or the

magnitude of warming events; but also other indirect factors that

involve changes in their habitat (e.g. shift in ecological interactions)

or synergic effects with other stressors (Smale, 2020) Thus, if kelp

already living within a stressful scenario (e.g., increased

temperature) are affected by a discrete pulse disturbance (e.g.

nutrients, xenobiotic effluents or salinity changes) that creates an

altered state of the bacterial communities (i.e. dysbiosis, Plante,

2017) , these factors may interact, strongly affecting host survival

and performance.

Here, we experimentally examined the interactions between

temperature stress and microbiota disruption on a key habitat-

forming kelp, Ecklonia radiata (Ecklonia hereafter). Ecklonia is a

dominant subtidal laminarian kelp that is broadly distributed along

~8,000 km of subtropical and temperate rocky reefs in Australia

(Wernberg et al., 2019). Ecklonia, forms large underwater forests

that provide important local ecosystem services (Bennett et al.,

2016) but are highly threatened by ocean warming (Wernberg et al.,

2011). We exposed juvenile kelp to ambient and stress-inducing

temperatures (simulating a relevant ocean warming scenario;

Britton et al. in review) and experimentally disrupted their

epiphytic bacterial community using antibiotic and antiseptic

agents. It was hypothesised that Ecklonia with a disrupted

microbiome would have lower growth, poor condition (i.e., higher

erosion and bleached tissue) and physiology (e.g. lower oxygen

production through photosynthesis) than Ecklonia with an

undisrupted microbiome and that such effects would be strongest

on kelp under thermal stress. Finally, we hypothesised that changes

in host performance would be related with changes in their

associated bacterial community structure (and predicted function)

throughout the experiment.
Materials and methods

Field collection and experimental setup

Juvenile Ecklonia were haphazardly collected from subtidal

rocky reefs at a depth of 7 m at Coal Point, Bruny Island, in

southeast Tasmania (-43.33430 S, 147.32493 W) in the austral

autumn (May 2022). Immediately after collection, juveniles were

placed inside plastic bags with water from the site, stored in cold

containers (~10°C) and transported to the lab at the Institute of

Marine and Antarctic Studies (IMAS, University of Tasmania).

Juvenile Ecklonia (defined as sporophytes with a length <15 cm and

with a linear oblong blade with low spinousity; Stage I, Kirkman,

1981) were selected for this study as they are predicted to be more
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https://doi.org/10.3389/fmars.2023.1332501
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Vadillo Gonzalez et al. 10.3389/fmars.2023.1332501
sensitive than adults to disturbances and stressors such as

temperature (Coelho et al., 2000).

Upon arrival to the lab, 64 juveniles were selected based on i)

low abundance of visible epibionts and ii) no visible signs of

obvious stress (i.e., bleaching or blade erosion). Autoclaved

filtered seawater (AFSW, filtered at 0.2 µm and sterilized for 2h

at 121°C) was used to remove any visible epibionts from the

juveniles and then placed individually into an experimental setup
Frontiers in Marine Science 03
with temperature monitored and kept constant (± 0.2°C) with a

specific light regime (see details of this setup and light regime in

Figure 1A based on, Britton et al. in review). A low concentration

of nutrients was provided within each chamber to avoid any stress

on the juveniles due to nutrient limitation (nutrient source:

Sodium nitrate, NaNO3 CAS: 7631-99-4, Merck; to an initial

concentration of 5 µM per chamber). Juveniles were left in this

setup overnight and after this period they were attached via the
A

B

FIGURE 1

Experimental setup showing (A) placement of Ecklonia juveniles within experimental chambers, temperature control tubs and light regulation. Light
conditions in the experimental setup were kept under a pre-programmed regime in which light intensity was gradually varied throughout a 24 h
cycle (i.e., Dark period: 0 µmol photons m-2 s-1; light period: morning/afternoon average intensity = 25-35 µmol photons m-2 s-1 and midday
maximum = 60-70 photons m-2 s-1, LED lights, Zeus-70, Ledzeal, Hong Kong). (B) bird eye view of the arrangement of the 8 temperature control
tubs each holding 8 experimental chambers. Color coding shows the random assignment of microbial disruptions treatments and temperature
conditions within the temperature-controlled room. All juveniles allocated to microbial disruption treatments were exposed every 2-3 days to
simulate a press disturbance.
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holdfast to autoclaved stones using UV sterilized rubber bands

(see Figure 1A).
Experimental design and
treatment allocation

After being placed in the experimental setup, juveniles were

randomly allocated to 2 temperature conditions: 1) ambient (15°C,

simulating their natural thermal optimum, Visch et al., 2023; n=32)

and 2) a temperature designed to induce thermal stress (23°C,

simulating an extreme scenario of ocean warming in Tasmania,

CSIRO and Bureau of Meteorology, 2020 n=32). Temperature was

gradually increased (2°C per day for four days) until reaching the

expected value for the heat condition (23°C). Experimental start

time for the heat condition was staggered due to this gradual

temperature increase. No heating was applied to ambient

conditions and were left to reach the expected temperature (15°C)

through exposure to the temperature set for the room.

Juveniles were left for 5 days to acclimatise to their

corresponding temperature conditions before randomly allocating

them to 4 microbial disruption treatments: 1) Controls

(undisrupted juveniles, n=8), 2) Procedural controls (PC,

disturbed with AFSW for 30 mins, n=8), 3) Antibiotics

(Antibiotic Antimycotic Solution, Sigma-Aldrich®, 2% in AFSW

for 30 mins, n=8) and 4) Antiseptic (Povidone-Iodine solution,

Betadine®, 2% in AFSW, 1 min, n=8). Details of treatment

allocation, the chemical composition and details on application of

these solutions are given in Figure 1B and Supplementary Table 1,

based on pilot work with Ecklonia juveniles in these same systems.

Pilot work showed that these treatments successfully disrupted the

microbiota but did not have direct effects on the host (see additional

Supplementary Figure 1 for more details on the pilot work).

Juveniles were returned to new experimental chambers after

exposure to the microbial disruption treatments. Water changes

were conducted every two days in which juveniles were transferred

to new sterile chambers with clean filtered sea water and new

nutrient availability (5 µm NaNO3), as well as exposed again to their

corresponding microbial disruption treatment. This was done to

simulate a press disruption (Bender et al., 1984) which is thought to

maintain the predicted bacterial disruption or dysbiosis (see pilot

work, Supplementary Figure 1). The experiment lasted 16 days after

5 days of acclimatisation, at which juveniles were sampled for

morphological, physiological and microbial analysis.
Host responses: absolute growth and
condition indicators

Photographs of all the juveniles were taken at the start and at

the end of the experiment to obtain different morphological values

that were then used to calculate absolute growth rate (cm/day),

blade erosion (cm/d) and blade bleaching (%). These morphological

values include total blade length, stipe length and distance to a

visible mark (used to determine blade growth). Blade surface area

was also calculated but only used for microbial analysis (see below).
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Details of these calculations can be found in Supplementary

Figure 2 and all morphological measurements were processed

using the image processing software Fiji (Image J, Schindelin

et al., 2012).
Host responses:
physiological measurements

Net photosynthesis and respiration (µmol O2/h/g ww) were

measured independently for each juvenile at the end of the

experiment and similarly to methods detailed in Britton et al.

(2020). Briefly, juveniles were placed within respirometry

chambers (310 mL) with constant water motion, appropriate

levels of irradiance and adjusted to the corresponding

temperature condition (i.e., ambient vs heat). Measurements of

dissolved oxygen were taken at the start and after 3 h of incubation

with a portable oxygen sensor (i.e., DO, µmol O2/L, Fibox 4,

PreSen). A similar procedure was done for dark respiration, with

the difference that incubation was done in complete darkness and

left overnight (i.e., 11 h). Water used within all chambers for both

physiological measurements was AFSW and was gassed with N2 to

ensure that all initial DO measurements started at ~70% saturation

to avoid any oxygen oversaturation. Blanks with no juveniles in the

chambers were included and used to correct values of oxygen

concentration. Details of the calculations used for final values of

the physiological responses are included in Supplementary Table 2.
Microbial responses: DNA processing
and bioinformatics

At the end of the experiment, juveniles were sampled for

microbial analysis by first removing loose epiphytic bacteria

from the lamina using AFSW and then passing a sterilised swab

across the whole surface of one side of the lamina for 30 s (as per

Marzinelli et al., 2015). An unused swab was left in the experimental

area for 30 s and was included as a blank to determine possible

ambient contamination. Swabs were immediately frozen at -80°C

until DNA extraction. DNA was extracted randomly from a subset

of the swabs (N=40, considering n=5 in each microbial disruption

treatment at each temperature condition) using a DNA extraction

kit following manufacturer’s protocols (PowerSoil DNA Isolation

kit, Qiagen ®). Procedural blanks were included by performing the

DNA extraction protocol with sterile water. All samples were

quantified (Nanodrop 1000, Thermo Fisher Scientific ®) and

stored at -20°C. All DNA extracts were then sent to the

Ramaciotti Centre for Genomics (University of New South Wales,

Sydney) where PCR and sequencing were performed. An amplicon

library was constructed by using universal primer pairs targeting the

V3-V4 hypervariable region of the bacterial 16S rRNA gene

(Klindworth et al., 2013; 314F, 5’- CCTACGGGNGGCWGCAG-

3’; and 805R, 5’-GACTACHVGGGTATCTAATCC-’3) and a

standard single-step PCR procedure. A second PCR procedure

was performed to include index and adapter sequences for sample

identification and multiplexing for the dual-indexed sequenciation.
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Sequencing was performed on an Illumina MiSeq v3 platform

(2x300bp) using a reagent Kit v3 600-cycle and approximately

10% PhiX control spike-in.

Raw demultiplexed fastQ sequences were quality trimmed

based on the maximum truncation lengths obtained upon

inspection of quality error plots and expected base pair median

Q scores (truncation lengths, Forward: 290 and reverse: 260;

maximum expected errors= 0; and median Q scores < 20). An

error-based model was constructed and used to optimize the

denoising algorithm (i.e., DADA2) for sample inferences.

Subsequently, demultiplexed sequences were merged, an ASV

table constructed, and chimeric sequences removed. An initial

taxonomic assignment was conducted using a Naive Bayes

classifier trained from the SILVA v.138 database (Quast et al.,

2013) and aimed at identifying sequences from non-bacterial

sources (e.g. eukaryotes), chloroplast and mitochondrial DNA.

To optimize the taxonomic assignment, a second classifier was

applied, Genome Taxonomy Database (GTDB v.202, Parks et al.,

2022), which provides a higher taxonomic resolution but poor

chloroplast/mitochondrial identification. For both taxonomic

assignments, a minimum bootstrap confidence = 50 was used

for taxonomic identification to avoid any incongruencies during

classification (ASV < 50 minBoot, were treated as unclassified

taxa).The resulting ASV table was processed further by removing

singletons, contaminating sequences (based on unused swabs and

DNA extraction controls, R package decontam, Davis et al., 2018)

and low abundant taxa (i.e. abundance < 0.001% across the whole

dataset). A total of 98.52% of the original sequences remained in

the processed ASV table. To effectively account for compositional,

sparsity and inter sample heterogeneity biases, the ASV table was

normalized using a Wrench method (Kumar et al., 2018; as a

suggested best method of normalization, Swift et al., 2023). All the

bioinformatic pipeline was based on the DADA2 workflow

(R package dada, Callahan et al., 2016) and performed using

R v.4.2.2.
Statistical analyses

Initially, the effects of temperature (fixed factor, 2 levels),

microbial disruption treatments (fixed factor, 4 levels) and their

interaction on host morphological and physiological responses,

were evaluated through general linear mixed models including

tub as a random factor (random terms evaluated through

likelihood ratio test, package lmerTest, Kuznetsova et al., 2017).

However, individual tub effects were not found to influence results

at any level (all p values > 0.072) so analyses were simplified to

include only fixed terms, their interaction and evaluated through

general linear models (LM). All model assumptions (i.e., linearity,

homogeneity of variance and normality) were validated (R package

performance, Lüdecke et al., 2021) and any outlier or influential

values were identified and removed (R packages, car, Fox and

Weisberg, 2019; and EnvStats, Millard, 2013). Model inferences

were calculated through an ANOVA (Type III, alpha<0.05, R

package car, Fox and Weisberg, 2019) and if any significant
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differences were found within the levels of microbial disruption

treatments, post hoc contrasts were performed (Tukey HSD; R

package emmeans, Lenth, 2022) .

Alpha diversity indices (Richness and Shannon-Wiener

diversity index) for the bacterial communities were calculated

using the R package phyloseq (McMurdie and Holmes, 2013) and

the influence of temperature and microbial disruption analysed as

above. To further analyse the influence of host morphological and

physiological responses on the associated bacterial community,

linear Pearson correlations were calculated (R package corrplot,

Wei et al., 2013). A multivariate analysis was also conducted to

determine the effects of the fixed factors on the bacterial

community. For this, the normalized ASV table was square-root

transformed and a resemblance table was calculated using the Bray-

Curtis dissimilarity index. An ASV accumulation curve was

constructed with the transformed dataset to evaluate sampling

effort across the whole community (R package vegan, Oksanen

et al., 2013). A Permutational Analysis of Variance using Bray-

Curtis dissimilarities was performed to determine compositional

differences across the fixed factors and the interaction therein (Type

III, PERMANOVA+ v.1.0.5 and Primer-e v.6.1.15). Estimates of

variance components (EVC) were extracted from this analysis to

further explore the magnitude of effect that each fixed factor or

interaction had on the overall bacterial community. If

compositional differences were found within the microbial

disruption treatments, multivariate pairwise post hoc tests were

done. To examine assumptions of the above analysis and also test

hypotheses about variation in bacterial community structure, a

multivariate homogeneity of group dispersion and a permutation

test for each fixed factor was performed (PERMDISP, R package

vegan, Oksanen et al., 2013 based on model validation proposed by

Anderson, 2014). Multivariate structural results were visualized

through a non-metric multidimensional scaling ordination

(nMDS; R package vegan, Oksanen et al., 2013).

A distance-based redundancy analysis (dbRDA; R package

vegan, Oksanen et al., 2013) was used to determine the influence

of host morphological and physiological responses on the bacterial

community composition. For this, a stepwise model selection was

done using the Akaike information criteria (AIC) to determine the

most optimum model using only the best host response predictors.

Marginal tests (i.e., permutation tests) and estimation of linear

trends (i.e., envfit, R package vegan, Oksanen et al., 2013) were used

to determine the importance of each predictor to overall bacterial

community composition. All host responses were not found to have

strong multicollinearity (Variance Inflation factor <4) and were

transformed and normalized to increase data homogeneity and

reduce skewness.

To provide further evidence of specific bacterial taxa that could

explain the observed compositional differences above, a multivariate

generalised linear model assuming a negative binomial distribution

was performed including all bacterial abundance data (R package

mvabund, Wang et al., 2012). Overall significant differences

between main fixed factors were determined by an analysis of

deviance (alpha <0.05). Subsequently, for each ASV, univariate

tests were used to identify the ASVs that presented significant
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differences in abundance across fixed factors (R package mvabund,

Wang et al., 2012). As the package mvabund is unable to provide

multiple pairwise comparisons between factor sublevels, separate

linear models and post hoc tests similar to the above analyses were

performed. For this, only the ten most abundant and prevalent

ASVs across all samples were included.

An additional analysis was attempted to predict the potential

functional metabolic capacity of the bacterial communities and how

are these affected by the temperature conditions and microbial

disruption (R package Tax4Fun2, Wemheuer et al., 2020). Briefly, a

user specific genomic reference database for Ecklonia was

constructed based on the default reference database in Tax4Fun2

(i.e., Ref100NR) and user provided metagenome-assembled

genomes (MAGs; Song et al., 2022). For this, we incorporated

user-defined data as metagenome-assembled genomes (MAGs)

from Ecklonia radiata into Tax4Fun2 to increase its predictive

power and accuracy (Song et al., 2022). Raw sequences from the

present study were aligned against our user-designed reference

database (i.e., BLAST) and ASVs abundances were compared to

functional information to create a sample-specific functional

profile. Finally this profiles were summarized to relevant

metabolic pathways (KEGG pathways, Kanehisa and Goto, 2011).

Final functional predictions only included ASV that passed a

similarity threshold (>97%). A similar multivariate analysis (i.e.,
Frontiers in Marine Science 06
PERMANOVA) and dbRDA were done as above to detect if these

predicted functional profiles differed across the fixed factors.

Unfortunately, it was impossible to provide reliable results of

functional predictions using this dataset (see details of the results

for this analysis on Box S1).
Results

Host responses

Increased temperature significantly affected the growth,

bleaching and physiology of Ecklonia juveniles. Juveniles in the

thermal stress condition had reduced absolute growth rates (32%

less; F1,53 = 4.11 and p<0.05) and a higher proportion of bleached

tissue (70% increase; F1,53 = 5.88 and p= 0.02) compared to juveniles

in ambient temperatures (Figures 2A, B; Table 1). Erosion rates over

the experiment did not differ between the temperature conditions

(Table 1, F1,53 = 2.61 and p=0.111). Thermal stress also decreased

net photosynthesis (60% reduction, F1,53 = 7.48 and p<0.001) and

respiration (68% reduction, F1,53 = 8.32 and p=0.006; Figures 2C, D

and Table 1). No effects of microbial disruption treatments, nor

their interaction with temperature, were detected for any of the host

morphological or physiological responses (Table 1; overall p>0.06).
A B

C D

FIGURE 2

Effect of temperature condition (2 levels, Ambient [n=31] vs. Heat stress [n=30]) on host morphological and physiological responses including
juvenile (A) absolute growth rate (cm/day), (B) laminar bleaching (%), (C) net photosynthesis (µmol O2/h/g ww) and (D) aerobic respiration (µmol O2/
h/g ww, lower values indicate higher oxygen consumption). Values shown are mean ± SE and differences between temperature conditions are
shown with an asterisk (*).
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Responses of host associated
bacterial communities

Following bioinformatic processing, 2256 ASVs were identified

and used in subsequent analyses. Temperature had no effect

on bacterial alpha diversity, but microbial disruption with

antibacterials significantly affected bacterial diversity (Shannon-

Wiener, Table 2 and Supplementary Figure 3), with bacterial

diversity lower in treatments exposed to the antiseptic solution

compared to undisrupted juveniles (Supplementary Figure 5,

t ratio,3,32 = 3.57 and p=0.006). Bacterial richness and diversity

were not correlated with morphological or physiological responses

of the host (Supplementary Figure 4, Pearson correlations, -0.23 >

R< 0.2 and p>0.26).

Bacterial community structure was significantly influenced by

the interaction of both temperature and microbial disruption

treatments (Figure 3, Supplementary Table 3 and Supplementary

Figures 7 and 8; PERMANOVA: pseudo-F1,32 = 1.52 and p=0.004).

Further multivariate pairwise contrasts determined that bacterial
Frontiers in Marine Science 07
community structure in ambient conditions differed between the

antibiotic and antiseptic treatments (t1,8 = 2.43 and p=0.009) as well

as the antibiotic and antiseptic treatments with the control groups

(t1,8<2.32 and p<0.034; Figure 3 and Supplementary Table 4). In

thermal stress treatments, the bacterial structure from the antibiotic

treatments was only different from the antiseptic treatment

(t1,8 = 2.04 and p=0.008) but not controls. In contrast, antiseptic

treatments in the thermal stress conditions did show differences in

bacterial structure compared to controls (Control: t1,8 = 1.88 and

p=0.009; PC: t1,8 = 1.82 and p=0.008). Bacterial community

structure was always different between temperature conditions

across the different microbial disruption treatments (Figure 3 and

Supplementary Table 4). Differences in bacterial structure across

the evaluated groups were not affected by intra-group structural

variability (Supplementary Table 3; PERMIDSP).

A distance-based redundancy analysis (dbRDA) was done to

further assess variables that could predict differences in bacterial

community composition. In this analysis all host morphological

and physiological responses were included but only absolute algal
TABLE 1 Summary of the One-way ANOVA to determine differences in the (A) morphological and (B) physiological host responses caused by the
experimental temperature conditions (2 levels, Ambient vs. Heat stress), Microbial disruption treatments (4 levels, Undisturbed, procedure control,
antibiotics and antiseptic) and interactions between these main effects.

A) Morphological host responses

Response Main effects SS df F value P value

Absolute growth rate (cm/d)

Temperature (Temp.) 0.004 1 4.11 0.048

Microbial disruption (MD) 0.004 3 1.25 0.302

Temp. x MD 0.004 3 1.53 0.218

Residuals 0.050 53

Laminar bleaching (%)

Temperature (Temp.) 13.80 1 5.88 0.019

Microbial disruption (MD) 0.69 3 0.10 0.960

Temp. x MD 5.07 3 0.72 0.545

Residuals 124.43 53

Laminar erosion rate (cm/d)

Temperature (Temp.) 0.00005 1 0.02 0.876

Microbial disruption (MD) 0.00449 3 0.75 0.528

Temp. x MD 0.01565 3 2.61 0.061

Residuals 0.10597 53

B) Physiological host responses

Response Main effects SS df F value P value

Net photsynthesis (µmol O2/h/g ww)

Temperature (Temp.) 39.72 1 7.48 0.008

Microbial disruption (MD) 18.34 3 1.15 0.337

Temp. x MD 15.54 3 0.98 0.411

Residuals 281.37 53

Aerobic respiration (µmol O2/h/g ww)

Temperature (Temp.) 27.33 1 8.32 0.006

Microbial disruption (MD) 9.50 3 0.96 0.416

Temp. x MD 8.85 3 0.90 0.448

Residuals 174.10 53
fro
Significant inferences are marked in bold (p<0.05).
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growth rate, and respiration, were significantly related with

bacterial community structure (Supplementary Figure 6 and

marginal effects, Supplementary Table 5, absolute growth rate:

F1,37 = 1.94 and p=0.01; respiration: F1,37 = 3 and p=0.001).

A differential abundance analysis (mvabund) was then done to

explore which specific bacterial ASVs changed significantly as

communities shifted overall (see Supplementary Figures 7, 8 for

an overview of dominant taxa across all samples). More than 452

ASVs changed, but only the 10 ASVs with the highest average

relative abundance (0.38-7.23%) and a high frequency of occurrence

(>95% prevalence across all individual hosts in the experiment)
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were analysed further (see details of this selection in Supplementary

Table 6). Overall, results on the selected ASVs show that specific

taxa were affected by both the antibiotic and antiseptic treatments

compared to control, but this effect varied between temperature

conditions in some cases. Additionally, some ASVs were

also affected by temperature conditions independently of

microbial disruption.

The abundance of several ASVs of the genus Alteromonas

increased in the antiseptic disruption treatment compared to

other microbial disruption treatments in both temperature

conditions (Supplementary Table 8). An ASV assigned to the
FIGURE 3

Non-metric multidimensional scaling ordination (NMDS, stress=0.16) based on Bray-Curtis dissimilarity matrix showing the effects of temperature
conditions (2 levels, Ambient [n=20] vs. Heat stress [n=20]) and microbial disturbance treatments (4 levels, Control [n=10], procedural control [n=10],
antibiotics [n=10] and antiseptics [n=10]) on lamina-associated bacterial communities in Ecklonia juveniles. Pairwise contrasts are shown in
Supplementary Table 6.
TABLE 2 Summary of the ANOVA performed to determine significant differences in bacterial richness and diversity across temperature conditions (2
levels, Ambient [n=20] vs. Heat stress [n=20]) and microbial disruption treatments (4 levels, Control [n=10], procedural control [n=10], antibiotics
[n=10] and antiseptics [n=10]).

Response Main effects SS df F value P value

Bacterial richness
(ASV number)

Temperature (Temp.) 16524 1 1.31 0.261

Microbial disruption (MD) 102381 3 2.70 0.062

Temp. x MD 50634 3 1.34 0.280

Residuals 404204 32

Bacterial diversity
(Shannon-Wiener index)

Temperature (Temp.) 0.28 1 1.11 0.300

Microbial disruption (MD) 3.32 3 4.40 0.011

Temp. x MD 0.32 3 0.42 0.740

Residuals 8.04 32
fro
Significant inferences are marked in bold (p<0.05).
ntiersin.org

https://doi.org/10.3389/fmars.2023.1332501
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Vadillo Gonzalez et al. 10.3389/fmars.2023.1332501
genus Sulfitobacter also presented an increase in the antiseptic

treatment but only for ambient conditions (Supplementary

Table 9). Additionally, some ASVs showed an increase in

abundance in heat conditions independently of microbial

disruption treatments (Supplementary Table 7, assigned to the

genera Hyphomonas, Thalassospira, Wenyingzhuangia and

Mariniblastus) although one ASV showed this pattern exclusively

in the control groups (Supplementary Table 9, unidentified genus of

the class Gammaproteobacteria). In contrast, one ASV decreased its

relative abundance across all disruption treatments in heat

conditions for the exception of the antiseptic group were it

remained lower in abundance for both temperature conditions

(Supplementary Table 9, genus Paraglaciecola).

Results of the functional prediction analysis (i.e., Tax4Fun2)

provided low prediction and demonstrated that accuracy and

reliability of functional predictions may be highly affected by specific

treatments (e.g. antiseptic disruption treatment) and the user-defined

data. Data repositories for an accurate functional prediction (i.e. default

or user-defined) need to be more context-specific and with a higher

representation of local areas in which kelp associated microbes may be

driven by specific environmental conditions (for further details of

results and discussion of this analysis see Box S1, Supplementary

Table 10 and Supplementary Figure 9).
Discussion

Environmental stressors such as ocean warming and

disruptions to host-microbiota interactions can affect habitat-

forming species such as kelps; however we have little

understanding of how these two factors interact. (Egan et al.,

2013; although see some increased temperature effects on

macroalgal growth, Roth-Schultze et al., 2018 and Minich et al.,

2018; and disease progression, Case et al., 2011). We found strong

effects of thermal stress on both components of the kelp holobiont,

including strong morphological and physiological effects on host

performance and a structural shift in the associated bacterial

communities. However, and contrary to our hypothesis,

disruption to the kelp microbiota were not directly correlated

with negative effects on the host and did not exacerbate

temperature effects on juvenile kelp, although clear signs of a

bacterial community shifts were observed. So, while early stages

of Ecklonia are vulnerable to thermal stress, the microbiota may not

play a substantive role in resistance to that stress. Alternatively, it

may be that even though the bacterial community changed, these

retain key functions that permitted the maintenance of essential

interactions with the host even under high thermal stress.
Strong effects of temperature on the
macroalgal holobiont

Our results highlight the strong effect that thermal stress had on

decreasing growth, net photosynthesis and respiration. Net

photosynthesis and respiration were severely affected by higher

temperatures, possibly through the alteration of heat-sensitive
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structures (e.g. components of photosynthesis such as electron

transporters, Davison, 1991) and enzymatic biochemical processes

linked to nutrient acquisition and assimilation (Ji and Gao, 2021).

For example, photosystem II, ATP synthase and other important

metabolic enzymes in the photosynthetic pathway are highly

sensitive to increased temperatures (Allakhverdiev et al., 2008). A

similar effect is expected for other metabolic pathways such as

aerobic respiration, in which high temperature may not only impair

enzymatic activities and structural cell integrity but also increment

the production of reactive oxygen species that may further damage

the metabolic machinery (Eggert, 2012). Ecklonia has considerable

phenotypic plasticity, enabling a broad thermal tolerance and

adaptive responses to a range of different temperatures

(Wernberg et al., 2019). Such thermal traits include biochemical

changes at the cellular level (e.g., gene expression, protein identity

and cell membrane fluidity; Wang et al., 2018; Barkina et al., 2020)

or physiological responses like photosynthesis, respiration and

growth that were analysed in the present study (Eggert, 2012).

However, such thermal adaptability in Ecklonia would be

compromised at temperatures higher than their optimal thermal

tolerance range where performance will decrease or be permanently

damaged (Harley et al., 2012).

Thermal adaptability of phenotypic traits and negative effects of

temperature as a stressor to macroalgae are not always comparable

across species (e.g. eurythermic or stenothermic species, Eggert, 2012)

or present high intra-specific variability (i.e. larger vulnerability on

earlier life stages, Qiu et al., 2019). For Ecklonia juveniles, significant

damage to their metabolic system could also be influenced by other

factors that increases their susceptibility to thermal stress including

their specific natural thermal conditions in the field (i.e., sampled

Ecklonia inhabit a cold environment in southeast Tasmania) and

inherent vulnerability of early life stages. Under thermal stress,

Ecklonia juveniles are likely to primarily focus resource allocation

for the repair of damaged metabolic pathways and further protection

to thermal stress (as seen in other brown algae, Davison, 1991).This

would undoubtedly hinder their development, as seen here with

absolute growth rate of Ecklonia juveniles significantly reduced at

higher temperatures, but also potentially limiting their capacity to

defend against pathogenic invasions and diseases as seen in other

studies with kelp (Minich et al., 2018; Qiu et al., 2019).

A substantial level of bleaching (i.e. laminar depigmentation)

and alteration of the bacterial communities in the laminar surface

occurred in Ecklonia juveniles exposed to high temperatures.

Bleaching in macroalgae is a natural physiological mechanism in

response to thermal stress in which photosynthetic pigments are

lost and nutrient availability is reduced (Rishworth et al., 2018) but

which can be related with changes to epiphytic bacteria under high

temperatures (Marzinelli et al., 2015; Qiu et al., 2019). As described

above, a reallocation of resources to counteract the effects of thermal

stress are likely in Ecklonia juveniles that present both bleaching,

reduced photosynthesis and low biomass. However, bleaching has

also been associated to macroalgal diseases in thermal stress, in

some cases resulting in the increase abundance of multiple

opportunistic pathogens that degrade algal tissues and can disrupt

photosynthetic efficiency (Campbell et al., 2011; Case et al., 2011

and Zozaya-Valdés et al., 2016).
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Shifts in bacterial community structure, association with lower

absolute growth rates (as shown by the dbRDA) and changes in the

abundance of specific bacterial taxa in Ecklonia juveniles exposed to

higher temperatures, suggests that there may have been an increase

of pathogenic bacteria in high temperature treatments in this study.

Several identified bacterial genera that increased their abundance in

heat conditions are known as opportunistic pathogens in red and

brown algae that can cause bleaching (i.e. Thalassospira, Azizi et al.,

2018; de Mesquita et al., 2019) or have strong tissue degradation

capacities (i.e. Wenyingzhuangia, Masasa et al., 2021). In contrast,

other bacterial taxa were severely affected by higher temperatures

which include genera such as Sulfitobacter and Mariniblastus that

are known to play an important role in morphogenesis and nutrient

degradation in macroalgae (Weiss et al., 2017; Alsufyani et al., 2020;

Weigel et al., 2022). It is likely that many of the identified bacterial

taxa had a higher thermal tolerance and contributed to the poor

state of Ecklonia juveniles. Interestingly however, other bacterial

taxa that are known to provide beneficial effects to macroalgae also

increased their abundance at higher temperatures. This is especially

noticeable by the increase of the genus Hyphomonas that plays a

role in inducing tissue morphogenesis and nutrient exchange

(Fukui et al., 2014). The prevalence of this group may show

evidence that even under a long lasting severe thermal stress (16

days), Ecklonia juveniles may still retain a functional microbiome

that potentially support their survival although further research is

needed to test this.
Tolerance and synergic effects of
temperature and microbial dysbiosis in
Ecklonia juveniles

The antiseptic solution was an effective press disturbance that

changed the associated bacterial community of Ecklonia juveniles,

however its effect to create a microbial dysbiosis varied between

temperature conditions and was only directly linked with two host

phenotypic traits. Lower bacterial diversity and shifts in bacterial

structure were observed in both temperature conditions

(Supplementary Figure 2) however for the latter, the additional

effect of these bacterial structural shifts on Ecklonia growth rates

and respiration, could evidence a synergic effect of microbial

disruption and thermal stress (i.e. dbRDA and Supplementary

Table 5). Additionally, in both temperature conditions, the

antiseptic treatment substantially favoured the proliferation of the

genus Alteromonas that could potentially play a role in these

synergic effects.

The genus Alteromonas is a cosmopolitan taxa that appears as

an epiphyte in many tropical and temperate macroalgal species

(Kumar et al., 2016) and is known to participate in algal nutrient

cycling and exchange through polysaccharide degradation (i.e.

alginate, Mitulla et al., 2016; Minich et al., 2018; Koch et al.,

2019). In healthy algae, Alteromonas appear normally in low

abundance (Fernandes et al., 2012) however they are known to be

a highly opportunistic bacteria with a broad metabolic capacity to

degrade algal cell walls (Kumar et al., 2016). Under an unhealthy or
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stressed state, macroalgae may have a higher abundance of this

group and can potentially become a pathogenic taxon to the host

(Egan et al., 2013). In this study, the increase of this potentially

pathogenic taxa under both temperature conditions and when

disturbed, shows the possibility that Ecklonia may retain a level of

protection to avoid decay or disease progression under ambient

conditions, but this interaction could change under thermal stress.

A level of protection in ambient conditions under an altered

microbiome may be regulated by the innate immune system of

the algae (e.g. receptor mediated immunity, production of reactive

oxygen species or secondary metabolites such as aromatic

compounds, Weinberger, 2007; Kloareg et al., 2021) or/and by the

support of a perduring microbiome that is still able to provide a

protective role. The prevalence and high abundance of the genus

Sulfitobacter in the antiseptic treatment and under ambient

temperatures, could evidence the above finding as this taxa is

known to be involved in algal growth and development and could

benefit the host even under microbial dysbiosis (Alsufyani et al.,

2020). In contrast, under thermal stress, Sulfitobacter decreases its

abundance while the Alteromonas remain mostly unchanged and

could potentially contribute to the decreased in growth and

respiration of Ecklonia although further experimental assessments

are needed to verify this. However, the capacity of this bacterial

group to adapt to a broad range of environmental conditions

including high temperatures (Koch et al., 2019), makes it a good

candidate to be associated with detrimental effect on the host

brough by the synergic relationship between thermal stress and

microbial dysbiosis. Further functional assessments under thermal

stress could provide a broader understanding of the positive or

negative interactions of this and other bacterial groups with

Ecklonia juveniles.
Antiseptic solution more effective to
achieve bacterial community shifts

A microbial shift was achieved in this study by exposing

Ecklonia juveniles to press disturbances using two different

disruption approaches intended to both 1) decrease the overall

abundance of bacterial taxa (antiseptic solution) or 2) selectively

remove specific taxa to change the overall community structure

(antibiotic solution). Similar manipulative experiments with

macroalgae-associated microbiomes have been attempted to

untangle the ecological importance of these microbial

communities on host performance (e.g. McGrath et al., 2023 in

review) and trophic interactions with other epifauna (e.g. Singh

et al., 2021). Results here show that the antiseptic solution decrease

bacterial abundance compared to control groups, as well as

producing strong shifts in the bacterial community structure and

an increase in the abundance of specific taxa (i.e., several ASVs

of the genus Alteromonas and one Sulfitobacter). Comparatively,

the antibiotic solution presented lessened effects with only

noticeable differences to controls in community structure in the

ambient temperature and one prevalent bacterial ASV that

decreased in abundance (i.e., Unidentified genus from the class
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Gammaproteobacteria). Effectiveness of the antiseptic compared

to the antibiotic solution as a stronger agent to achieve microbial

shifts and a potential dysbiosis, is further evidenced by the

largely different bacterial structure between both treatments that

is also driven by the decrease of some bacterial groups exclusively in

the antiseptic solution (e.g. genus Paraglaciecola and the

multiple Alteromonas).

Similar manipulative experiments using Iodine as an oxidant

agent to remove bacterial communities in macrophyte tissues have

been successfully used in the past without strong negative effects

on the host (Kientz et al., 2011; Borburema et al., 2021; Fuggle

et al., 2023). Here, no noticeable morphological or physiological

effects were seen in Ecklonia juveniles as a consequence of the

antiseptic solution (i.e. Povidone-Iodine solution 2%, as seen in

other studies with similar concentrations and evaluated through

changes in macroalgal biomass; Bostrychia binderi, Borburema

et al., 2021) although effects due to the accumulation and

assimilation of Iodine by Ecklonia or associated bacteria cannot

be discarded (i.e. iodine is a key metabolic compound in algae,

Küpper and Carrano, 2019; and for bacterial groups, Gupta et al.,

2017). From the results obtained here, it is clear that both

microbial dysbiosis approaches worked as intended, but it was

the antiseptic solution that showed highest impact to create an

alteration of the microbiome independently from the temperature

conditions. However, it is acknowledged that assessment of the

potential direct chemical effects on the host of both solutions (i.e.

antiseptic and antibiotic) did not include histological assessments

(e.g. to detect cell integrity, Kientz et al., 2011) and controls which

involve the re-inoculation/introduction of the microbiota

(“conventionalized” controls, Callens et al., 2018).
Conclusion

Temperature is a strong abiotic driver that shapes coastal

communities through its direct effect on the performance,

reproduction and interaction between many species (Kordas

et al., 2011). In recent years, climate change and human-derived

ocean warming have affected macroalgal communities to a level that

has rapidly affected their survival and distribution (Takolander

et al., 2017) and is expected to continue in coming decades with

possible stronger effects in colder waters where many algal species

have a narrow thermal range (Piñeiro-Corbeira et al., 2018).

Further, evidence exists that a dysbiosis of their associated

microbiome could lead to sublethal effects (i.e., altered

metabolism, lower innate immunity responses or disease) that can

ultimately lead to high mortality in more severe scenarios of future

ocean warming (Qiu et al., 2019).

Here, we provide further evidence of the negative effects of

thermal stress in Ecklonia juveniles and bring valuable information

of the effects on epiphytic bacterial communities. Results here

highlight the strong influence of temperature on kelps, and

clearly show an effect on the associated bacterial communities
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(i.e., structural changes and shifts in the abundance of prevalent

bacterial ASVs) that could be linked to the overall condition of

Ecklonia. This study also shows that an experimentally applied press

disturbances (i.e., antiseptic solution) can cause a clear shifts of

these bacterial communities without causing observable toxic effects

on the host development or physiology. However, there is little

evidence to suggest a strong synergic effect with temperature. It is

possible that the duration of the experiment was not long enough to

be able to assess the impacts of the microbial removal press

disturbance to host condition and physiological responses.

However, alternative explanations may point to Ecklonia juveniles

having enough innate immunological responses and adaptations

that may permit them to survive even with a microbial dysbiosis.

Additionally, kelp could also have a resilient epiphytic bacterial

community that may change under microbial dysbiosis (i.e.,

structural changes or shift in the abundance of specific bacterial

taxa) but yet retain a consistent and highly redundant functional

profile (Burke et al., 2011) that enables the maintenance of key

interactions that benefit the development and performance of

the host.
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