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Abstract
Algal- associated bacteria are fundamental to the ecological success of marine green 
macroalgae such as Caulerpa. The resistance and resilience of algal- associated mi-
crobiota to environmental stress can promote algal health and genetic adaptation to 
changing environments. The composition of bacterial communities has been shown 
to be unique to algal morphological niches. Therefore, the level of response to vari-
ous environmental perturbations may in fact be different for each niche- specific 
community. Factorial in situ experiments were set up to investigate the effect of 
nutrient enrichment and temperature stress on the bacterial communities associated 
with Caulerpa cylindracea. Bacteria were characterized using the 16S rRNA gene, and 
the community compositions were compared between different parts of the algal 
thallus (endo- , epi- , and rhizomicrobiome). Resistance and resilience were calculated 
to further understand the changes of microbial composition in response to pertur-
bations. The results of this study provide evidence that nutrient enrichment has a 
significant influence on the taxonomic and functional structure of the epimicrobiota, 
with a low community resistance index observed for both. Temperature and nutrient 
stress had a significant effect on the rhizomicrobiota taxonomic composition, exhib-
iting the lowest overall resistance to change. The functional performance of the rhi-
zomicrobiota had low resilience to the combination of stressors, indicating potential 
additive effects. Interestingly, the endomicrobiota had the highest overall resistance, 
yet the lowest overall resilience to environmental stress. This further contributes 
to our understanding of algal microbiome dynamics in response to environmental 
changes.
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1  | INTRODUC TION

Eukaryotic organisms across all kingdoms of life are host to com-
plex interactions with microbial partners, otherwise known as their 
microbiota (Relman, 2008). Associated bacteria, viruses, unicellular 
eukaryotes (protists), and fungi colonize host surfaces (Wahl et al., 
2012), as well as inter-  and intracellular spaces (Reinhold- Hurek & 
Hurek, 2011). Symbiotic relationships with key microbial groups have 
evolved over time, forming integral functional dependencies, giving 
rise to the concept of a “holobiont” (Reshef et al., 2006; Rosenberg 
et al., 2007). While some research has shown associated bacterial 
species to be host- specific (Franzenburg et al., 2013; Grünwald et al., 
2010; Hollants et al., 2013; Naim et al., 2014), other studies have 
alluded to the fact that these interactions are interchangeable as 
long as functional stability is maintained (Burke et al., 2011; Roth- 
Schulze et al., 2018). High interindividual variability is often observed 
for host- associated microbial communities (Bashan et al., 2016) and 
the definition of a taxonomic “core” microbiome remains unresolved 
(Shade & Handelsman, 2012). Alternatively, in some systems a func-
tional core has been alluded to suggest that the microbiota compo-
sition is driven by functional requirements related to host growth 
and adaptation (Burke et al., 2011; Pita et al., 2018; Turnbaugh et al., 
2009). Microbes can be recruited from the environment and are ei-
ther temporarily associated with the host or integrated into the hol-
ogenome (Zilber- Rosenberg & Rosenberg, 2008). This suggests that 
co- evolution of the hologenome is continuous and that the microbi-
ota is assembled through a combination of evolutionary and ecologi-
cal processes (Lemanceau et al., 2017). However, the current theory 
regarding the hologenome may be inherently flawed by focusing only 
on host- driven selection for microbial communities. This has been re-
cently revised to view the host– microbiome as a dynamic ecological 
community with individual microbial components being influenced 
by a range of selection pressures (Douglas & Werren, 2016).

The bacterial component of a host– microbiota has been described 
as highly dynamic with many factors involved in shaping these com-
munities (Rosenberg & Zilber- Rosenberg, 2018). Both deterministic 
and stochastic processes have been shown to drive bacterial recruit-
ment, and these processes may vary in effect over time (Zhou et al., 
2014). Substantial variability is observed for most host- associated 
bacterial communities across geographic regions, under different 
environments, for different species and even between individuals 
(Aires et al., 2016; Fraser et al., 2009; Gilbert et al., 2018; Groussin 
et al., 2017; Hollants, Leliaert, Verbruggen, De Clerck, et al., 2013; 
Li et al., 2006; Martiny et al., 2006). However, host- associated bac-
terial communities have been shown to demonstrate partner fidelity 
and the potential shifts in these communities are assumed to relate 
to changing abiotic or biotic conditions (Douglas & Werren, 2016).

Disturbances in environmental conditions such as increased 
temperature and nutrient load have been observed globally both 
occurring as long- term “press” perturbations and short- term “pulse” 
perturbations (Bender et al., 1984; Fong & Fong, 2018; Hobday et al., 
2016). Increased nutrient load can lead to eutrophication of coastal 
waters and has been linked to changes in macroalgal community 

assemblages (Druon et al., 2004; Fong & Fong, 2018). Pulse marine 
heatwaves, also known as extreme temperature events (Hobday 
et al., 2016), have been shown to impact coastal benthic algal 
communities (Duarte et al., 2018; Gouvêa et al., 2017; Wernberg 
et al., 2016) causing temperature stress that results in shifts in algal- 
associated microbes (Campbell et al., 2011; Mensch et al., 2016; Qiu 
et al., 2019). These extreme temperature events have been pre-
dicted to increase in frequency, intensity, and duration as a result 
of climate change (Perkins et al., 2012). Research has shown that 
due to the frequent occurrence of extreme temperature events in 
the Mediterranean sea, coastal populations in this region are highly 
vulnerable (Christidis et al., 2015, Oliver et al., 2018, Rahmstorf and 
Coumou, 2011), with one of the highest predicted rises in sea sur-
face temperature to be in the Adriatic sea (Darmaraki et al., 2019).

Changes in environmental conditions impact the overall stabil-
ity of coastal ecosystems, including macroalgae and their associated 
bacteria (Egan et al., 2013; He & Silliman, 2019). Bacterial commu-
nity stability can be defined as a community- level response to an 
environmental disturbance, and incorporates both resistance and 
resilience, which can be quantified using community metrics (Shade 
et al., 2012). The resistance of a community is the extent to which 
the community structure remains stable in response to a perturba-
tion, whereas resilience is defined as the rate at which the commu-
nity reverts back to its original state. Microbiome stability is either 
indicated by taxonomic compositional structure or functional capa-
bility that is resistant to environmental perturbation, having the abil-
ity to return to the previous stable state (Allison & Martiny, 2008; 
Coyte et al., 2015). Bacterial community stability can be enhanced 
through the phenotypical plasticity of key microbes (Shade et al., 
2012) as well as the functional redundancy observed for many bac-
terial groups (Bashan et al., 2016; Burke et al., 2011).

In the marine environment, extensive microbiome research 
has been done on sessile organisms such as sponges, corals, and 
macroalgae (Egan et al., 2013; Rosenberg et al., 2007; Webster & 
Thomas, 2016). Marine macroalgae, commonly referred to as sea-
weeds, are known to harbor highly diverse bacterial communities 
that demonstrate a niche specificity corresponding to the microscale 
location either within the endosphere, as part of the epi- biofilm, or 
associated with differentiated structures such as holdfasts and rhiz-
oids (Morrissey et al., 2019; Serebryakova et al., 2018). Studies indi-
cate that tight associations between algae and intracellular bacteria 
represent a form of bacterial inheritance, in which the origin of an 
algal population can be identified. This has been demonstrated by 
tracing the origin of the invasive seaweed Caulerpa taxifolia in the 
Mediterranean (Arnaud- Haond et al., 2017; Burr & West, 1970; 
Meusnier et al., 2001). Endobionts have been previously demon-
strated to be stable over time (Hollants et al., 2013; Meusnier et al., 
2001), whereas epibacterial communities have been assumed to be 
more dynamic as they display temporal changes (Bengtsson et al., 
2010; Mancuso et al., 2016). However, growing research suggests 
that both endo-  and epibacterial communities are influenced by envi-
ronmental factors (Aires et al., 2016; Hollants, Leliaert, Verbruggen, 
Willems, et al., 2013).
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There is limited knowledge regarding the underlying principles of 
microbial assembly and structure (Burke et al., 2011), with even less 
known about the environmental effects on algal- associated bacte-
rial communities cross- differentiated algal structures, also known as 
morphological niches (Morrissey et al., 2019). Within the marine en-
vironment, microbial research has been done on planktonic bacterial 
communities and communities associated with corals and sponges 
(Glasl et al., 2018; Lima- Mendez et al., 2018; Webster & Reusch, 
2017; Ziegler et al., 2017). In the field of algal microbiomes, studies 
have mainly focused on characterizing associated bacteria from nat-
ural habitats that differ in environmental parameters and not from 
in situ simulated experiments (Aires et al., 2016; Bengtsson et al., 
2010; Burke et al., 2011; Campbell et al., 2015; Egan et al., 2013; 
Hollants, Leliaert, Verbruggen, Willems, et al., 2013; Mancuso et al., 
2016). Further investigations into the influence of environmental 
factors on the algal microbiome in situ are necessary to fully under-
stand these complex host– microbiome interactions and the impact 
this has on host health and function (Egan et al., 2013).

Furthermore, there has been little research to date that investi-
gates algal bacterial community resistance and resilience of different 
morphological niches in response to environmental perturbations. 
As bacterial communities have been shown to differ between mor-
phological niches of the same individual (Morrissey et al., 2019; Paix 
et al., 2020), we therefore hypothesize that bacteria associated with 
each morphological niche have different community resistance and 
resilience to stress, and this may have varying implications for total 
algal microbiome stability. Hence, this study aims to effectively as-
sess these ecological dynamics in situ.

We performed in situ heatwave manipulations and nutrient en-
richments within semiclosed mesocosm systems. The aim of these 
investigations was to characterize the effect of pulse abiotic dis-
turbance on the bacterial communities associated with individual 
morphological niches of the green algae Caulerpa cylindracea, as well 
as the surrounding environment. We took the naturally occurring, 
prestress bacterial communities as a baseline and then analyzed the 
effects of a 3- day stress duration and a 9- day recovery period. We 
assessed the bacterial community changes and calculated microbial 
resistance and resilience to individual abiotic stressors as well as a 
combination of the two. In this study, we hypothesize that (a) bac-
terial community resistance and resilience to environmental pertur-
bation are dependent on morphological niche association, and (b) 
bacterial community responses differ between types of stress and 
the combination of two stressors.

2  | MATERIAL S AND METHODS

2.1 | Sampling and mesocosm design

Experiments were conducted situ along the west coast of Istria 
(northern Adriatic Sea, Croatia; 45.177953°N, 13.593907°E) where 
Caulerpa cylindracea formed a thick mat on shallow subtidal (2– 4 m) 
sand and rock bottoms with frond lengths ranging from 2 to 5 cm 

(Figure 1a). A total of 12 mesocosm experiments were performed 
where mesocosm tubes, encompassing a volume of 12.5 L each, 
were placed randomly at least 2 m apart and assigned a treatment 
(Figure 1b). Four treatments were carried out: temperature stress, 
nutrient enrichment, combination of temperature and nutrient, and 
a control. The treatments were executed for 3 consecutive days. For 
the temperature manipulations, we simulated pulse heatwave condi-
tions based on the definition used by Sorte et al. (2010), adapted 
from Meehl and Tebaldi (2004), in which daily maximum sea surface 
temperatures exceed 3– 5°C above normal for a minimum of 3 days. 
The yearly sea surface temperatures for the region range from ap-
proximately 8– 27°C (Iveša et al., 2015). For the respective sampling 
period (October 2016), historical monthly averages (2001– 2015) 
ranged between 16 and 20°C, and ambient temperatures for the ex-
perimental days were measured between 17.9 and 21.8°C (Table S1). 
In our experiment, the mesocosms were actively heated using an im-
bedded heating element at a rate of ~0.7°C/h, reaching a maximum 

F I G U R E  1   Overview of the site and experimental design of the 
mesocosms. At the site, Caulerpa cylindracea formed a dense mat 
on the seafloor (a). Semiclosed mesocosms were designed for each 
treatment type with and without an integrated heating element (b). 
Samples were stressed for 3 days, with a recovery period of 9 days 
and samples were taken at three timepoints, before stress, directly 
after stress and after recovery (c)

(a)

(b)

(c)
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of ~4.2°C above daily average after 6 h. The maximum temperature 
was sustained for an additional 6 h, totaling 12 h of active heat treat-
ment. At night (12 h), the mesocosms were not actively heated and 
therefore allowed to cool down to ambient temperatures. This was 
repeated for a duration of 3 days. Nutrient enrichment was added 
in liquid form made from dissolved Compo© universal fertilizer in 
sterile seawater at a final concentration of approximately 9,550 µg/L 
nitrogen (supplied as ammonium nitrate), 50 times the maximum 
recorded natural concentration of dissolved inorganic nitrogen (ap-
proximately 191,47 µg/L DIN) previously observed in the region 
(Djakovac et al., 2012). As a by- product of the fertilizer, phosphorous 
(in the form of rock phosphate) was added to the concentration of 
approximately 12 260 µg/L, well above the natural recorded values 
of phosphate at approximately 4 µg/L. This was done to simulate a 
pulse hypereutrophic event (Yang et al., 2008), as the Adriatic Sea 
has been characterized by the eutrophication risk index (EUTRISK) 
as a high- risk area (Druon et al., 2004). After the 3- day stress pe-
riod, the mesocosm tubes were removed and sites marked for re-
sampling. The algae were then left to recover for a period of 9 days 
(Figure 1c). This entire mesocosm setup was repeated three times 
on separate algal patches selected at random more than 2 m apart. 
The total duration of the experimental period lasted no longer than 
14 days (11 October– 25 October 2016). Samples were taken prior to 
the disturbance, directly after the 3- day disturbance and after the 
recovery period. Sampling units (SU) included interconnected thalli 
(uprights, stolon, and rhizoids). These were further separated in the 
laboratory into three distinct morphological niches from the same 
individual, namely, endobiome, epibiome, and rhizobiome fractions 
and washed with artificial sterile seawater (ASW) at 35 ‰. Epibionts 
were retrieved by swabbing the surface with a sterile swab and 
transferring directly into sterile Eppendorf tube. Thalli were surface 
sterilized following the protocol from Hollants et al. (2010), in which 
Caulerpa thalli were incubated in CTAB buffer with 20 mg/ml pro-
teinase K, and then washed with sterile ASW and incubated over-
night in a 1:1 mixture of 0.2- µm filtered Umonium Master and sterile 
ASW. Following this, thalli were washed ten times in sterile ASW. 
To acquire the associated endobionts, rhizoids were separated with 
a sterile blade after being removed from any attached substrates. 
Sediment and water samples were also taken for all timepoints and 
treatments. Approximately 2 g of surface layer sediment surround-
ing the sampled thalli was placed directly into sterile bags. Water 
was sampled directly from the environment before stress, directly 
after stress and after the recovery period. For the individual meso-
cosms, water was extracted from the mesocosm via syringe through 
a valve directly after the stress period. For each treatment, 100 ml of 
water was filtered in triplicate through a 0.2- μm polycarbonate filter 
and the filters were then used for downstream analysis. The samples 
were frozen at −20°C and kept for DNA extraction. The environmen-
tal conditions during the full length of the experiment were analyzed 
(Table S2). Nutrient levels and temperature were measured for the 
surrounding environment before stress as well as after the recovery 
period. Mesocosm nutrient levels were also measured directly after 
in situ manipulations for each treatment.

2.2 | DNA extraction and 16S metabarcoding

Bacterial DNA was extracted from all samples following the proto-
col by Doyle and Doyle (1987), with slight modifications (Morrissey 
et al., 2019). Algal samples were homogenized in liquid nitrogen prior 
to an additional bead- beating before adding the CTAB extraction 
buffer. The 16S rRNA gene amplification was done using the uni-
versal primers 27F (5′- AGAGTTTGATCMTGGCTCAG- 3′) and 1492R 
(5′- TACGGYTACCTTGTTACGACTT- 3′) (Lane, 1991). Following 
a post- PCR clean- up with AMPure® bead purification (Beckman 
Coulter, Inc., CA), a second nested PCR was done to amplify the 
V5- V7 hypervariable region of the bacterial 16S rRNA gene using 
the primers 799mod3F (5′- GGATTAGATACCKGG- 3′) and 1193R 
(5′- ACGTCATCCCCACCTTCC- 3′) to reduce chloroplast contamina-
tion (Aires et al., 2012; Bodenhausen et al., 2013; Hanshew et al., 
2013). The last round of PCR, the primers included Illumina adap-
tors used for indexing as part of the library preparation. All PCR 
amplifications were run with negative controls. The settings of the 
touchdown PCR were as follows: 5 min at 95°C, followed by 10 
touchdown cycles of 1 min at 95°C, 1 min at 65°C, and 3 min at 
72°C. The annealing temperature started at 65°C and was reduced 
to 60°C in increments of 0.5°C per cycle. Upon reaching a minimum 
annealing temperature of 60°C, another 15 cycles were performed, 
consisting of 1 min at 95°C, 1 min at 60°C, and 3 min at 72°C. A final 
elongation step was performed for 20 min at 72°C. Following PCR 
analysis, amplicons were purified using AMPure® bead purification 
and subsequently examined for successful amplification by agarose 
gel electrophoresis. An index PCR was performed to add Illumina 
sequencing adapters and dual indices to the end of each amplicon 
using the Nextera XT Index Kit (Illumina, San Diego, USA). Indexed 
amplicons were purified using AMPure beads, and DNA concentra-
tions were quantified using the Qubit dsDNA Broad Range Assay 
Kit (Invitrogen, Carlsbad, USA). Quantified PCR products were then 
pooled at equimolar concentration and sent to BaseClear B.V. for 
Illumina MiSeq v.3 (2 × 300 bp) sequencing.

2.3 | Bacterial community analysis and 
characterization

Quality assessment of the retrieved sequences was performed using 
fastqc. Primers were then removed, and reads shorter than 260 bp 
were removed. Read pairs were then merged using the BBMerge 
function as a part of the BBTools package (Bushnell et al., 2017). 
Merging was done with a minimum overlap of 100 bp, and no 
gaps were allowed in the overlapping region of the aligned reads. 
Additional quality filtering was done by setting the maximum ex-
pected error at 0.5, and assembled reads longer than 420 bp were 
discarded. After preprocessing, sequences were processed using 
the UPARSE pipeline (Edgar, 2013) within the USEARCH sequence 
analysis package (Edgar, 2010). Unique sequences were identified 
and OTUs were clustered at 97% similarity based on the UPARSE- 
OTU algorithm, which simultaneously removes chimeric sequences 
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and singletons were removed. Taxonomy was assigned to the genus 
level at a confidence of 90% using the RDP database release 11 
(Cole et al., 2014) in Mothur v. 1.36.1 (Schloss et al., 2009). In qiime 
2 (Caporaso et al., 2010), the OTU output table, metadata file, refer-
ence sequences, and phylogenetic tree, constructed using FastTree2 
(Price et al., 2010), were merged into a biom file with JSON format. 
All downstream statistical analyses were done using R software 
3.5.2 (R Development Core Team, 2010).

2.4 | Data analysis

Data import and preprocessing were done using the “phyloseq” 
package (McMurdie & Holmes, 2013) and “microbiome” R- package 
(Lahti et al., 2017). Cyanobacterial sequences as well as potential 
nonprokaryote contamination sequences, such as chloroplasts 
and mitochondria, were removed (Mancuso et al., 2016) resulting 
in 8,563 taxa and total 5,019,077 reads. Samples were rarified to 
2,821 reads per sample and normalized using the compositional 
transformation (Lahti et al., 2017). Multivariate analysis of variance 
tests with permutations (PERMANOVA) was done on the com-
plete data set using the adonis2 function included in the “vegan” 
R- package version 2.4- 6 (Oksanen et al., 2016). The PERMANOVA 
tested the effect of morphological niche, sequencing run, experi-
ment number, timepoint, treatment, and replicate number, using 
Bray– Curtis dissimilarity. Beta- diversity of the bacterial commu-
nities was explored for each sample type, and a principle coordi-
nates analysis (PCoA) ordination plot was generated to visualize 
the bacterial community variation observed. For only the algal sam-
ples, Bray– Curtis dissimilarities were calculated for the bacterial 
communities in comparison with the control treatments for each 
morphological niche. These distances were then plotted for each 
treatment. To analyze the effect of each treatment on the commu-
nity similarity after the stress and recovery periods, we performed 
a one- way analysis of variance (ANOVA) and calculated the least- 
squares means with the lsmeans function in “emmeans” R- package 
version 2.30- 0 (Lenth, 2016) to compute the contrasts between 
treatments. We then determined the significance of the effects 
with general linear hypotheses in combination with the single- step 
method of multiple testing correction using “multcomp” R- package 
version 1.4- 10 (Hothorn et al., 2008). The individual taxa signifi-
cantly different in abundance and occurrence between treatments 
and timepoints were investigated using the multipatt function in 
the “indicspecies” R- package using the association index “IndVal.g” 
(De Cáceres & Legendre, 2009; De Cáceres et al., 2010; Dufrene & 
Legendre, 1997).

2.5 | Functional prediction

Functional changes in response to environmental stress were in-
ferred by assigning functional attributes to the OTU identifications 

of the 16S rRNA gene using the Phylogenetic Investigation 
of Communities by Reconstruction of Unobserved States 
(PICRUSt2) (Douglas et al., 2019). Functional predictions were per-
formed on the entire raw dataset, and KEGG orthologies (KOs) were 
assigned to each OTU with a NSTI cutoff of <2 as recommended by 
the authors. The data were then corrected by 16S copy number to 
generate a prediction of the full functional profile of the dataset. 
Data were rarified to account for uneven depth. Functional similari-
ties of the bacterial communities associated with each morphologi-
cal niche were compared to the control for each treatment directly 
after stress (3 days) and after the recovery period (12 days). This was 
done using a one- way analysis of variance (ANOVA) on the Bray– 
Curtis dissimilarities of treatment samples compared to the control. 
Significance of each treatment was determined by general linear 
hypotheses using “multcomp” (R- package version 1.4- 10)(Hothorn 
et al., 2008) based on lsmeans function in “emmeans” (R- package 
version 2.30- 0) and corrected for multiple testing (Lenth, 2016). 
KOs contributing to the observed differences in community func-
tions were identified using the multipatt function in the “indicspe-
cies” R- package (De Cáceres & Legendre, 2009; De Cáceres et al., 
2010; Dufrene & Legendre, 1997).

2.6 | Calculating community resistance and 
resilience

Bacterial communities were compared on both an OTU level and 
a functional level using Bray– Curtis dissimilarity. This value was 
used as a community metric to represent community dissimilarity 
between samples taking into account both composition and abun-
dance. Distances were calculated from the control community sam-
pled at each timepoint. Controls across all three timepoints were 
tested against each other to determine temporal variability. Using 
the community distances as a response variable, indexes of the re-
sistance and resilience of the microbial communities were calculated 
using equations defined by Orwin and Wardle (2004).

The resistance index was calculated as:

where C₁ represents the control bacterial community dissimilarity di-
rectly after stress, and D₁ represents the bacterial community for the 
respective treatment directly after stress.

The resilience index was calculated as:

where C₂ represents the control bacterial community dissimilarity 
after the recovery period and D₂ represents the bacterial community 
for the respective treatment after the recovery period.

RS = 1 −

2 ||C1 − D1
|
|

C1 +
|
|C1 − D1

|
|

RL =
2 ||C1 − D1

|
|

|
|C1 − D1

|
| + |C2 − D2|

− 1
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3  | RESULTS

3.1 | Bacterial community composition

A total of 12,244,523 raw paired- end reads of the V5– V7 region of 
the 16S rRNA gene were obtained from two sequencing runs (MiSeq 
v3 platform) and after filtering 5,118,598 high- quality merge pairs 
remained. Sequencing run was added as a covariate to our analy-
ses and did not significantly contribute to any differences observed 
(R2 < .005; p = .184). Sequences were binned into a total of 8,563 
OTUs at a 97% similarity level, with an average of 28,037 (± 18,678) 
reads per sample. 2,198 OTUs were removed via rarefaction (Figure 
S1). The number of OTUs varied across sample types, with only 209 
OTUs shared between morphological niches out of the total 2,718 
OTUs present in the bacterial communities for all timepoints (Figure 
S2). The beta- diversity of the bacterial communities was assessed 
and compared visually using a principal coordination analysis ordina-
tion plot (Figure S3). The bacterial communities clustered accord-
ing to their associated niche, with the rhizosphere and sediment 
visually showing the most overlap. The epimicrobiome samples 
showed the widest spread, overlapping with the endomicrobiome, 
rhizomicrobiome, and the bacteria in the water column. Further in-
vestigations into the ordination plots of the separate timepoints of 
each treatment for each individual morphological niche indicated 
that there were no clear visual separations based on the timepoints 
of each treatment (Figure 2). The taxonomic structure (Figure S4) 
of the algal samples showed differences between morphological 
niches. Variability in taxonomic composition was observed between 

samples of the same morphological niche, both over temporal scales 
of the controls as well as between treatments (Figure S3). However, 
the most abundant bacterial class consistently found across all sam-
ples of the endo-  and epimicrobiome was Gammaproteobacteria, 
with Deltaproteobacteria most abundant in the rhizomicrobiome.

3.2 | Changes to algal- associated bacteria in 
response to environmental stressors

For the algal samples, the number of OTUs was significantly dif-
ferent between morphological niches (Figure 3, Table S3). The epi-
microbiome had the highest OTU richness at 3,254, whereas the 
rhizomicrobiome had 2,945 and the endomicrobiome had 1,499. 
The number of OTUs observed under different treatments revealed 
the epimicrobiome to be more variable over treatments and time-
points; however, this was not statistically significant (Figure 3, Table 
S3). Overall, the rhizomicrobiome showed to have significantly more 
OTUs in each sample (Figure 3, Table S3), as well as more OTUs 
uniquely assigned to the rhizomicrobiome (Figure S2).

Comparing the overall bacterial community similarities indicated 
that morphological niche showed a significant influence on the bac-
terial communities (Table S4). Investigating this further by univariate 
tests for the effect of the treatments on each algal morphological 
niche at each timepoint, we observed that the control did not indi-
cate significant differences (Table S5). The effects of the treatments 
on bacteria associated with each morphological niche are tabulated 
in Table S5. Treatment effects on the endomicrobiome did not show 

F I G U R E  2   PCoA plots of the Bray– Curtis Dissimilarity between bacterial communities associated with each sample type for each 
treatment (pink— control; green— nutrients; blue— temperature; purple— combination treatment) and timepoint (circle— day 0; triangle— day 3; 
square— day 12)
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any significant difference on the community composition directly 
after stress. However, the effect of temperature showed a signifi-
cant difference at timepoint 2, after the recovery period of 9 days 
(Figure 4, Table S5). The epimicrobiome experienced a significant 
change (glht, Tukey's post hoc test, estimate = 0.327; SE = 0.075; 
p = .001) immediately after nutrient enrichment and continued to 
be significantly different after the recovery period (glht, Tukey's 
post hoc test, estimate = 0.301; SE = 0.1; p = .047) (Figure 4, Table 
S5). Heat stress seemed to have a delayed effect on the epibacte-
rial community with a significant difference observed only after 
the recovery period (glht, Tukey's post hoc test, estimate = 0.371; 
SE = 0.1; p = .008). Each stressor, as well as the combination, had 
an effect on the rhizomicrobiome bacterial communities after stress 
(glht, Tukey's post hoc test, Nutrients: estimate = 0.2, SE = 0.049, 
p = .003; Temperature: estimate = 0.245, SE = 0.046, p < .001; Temp 
+ Nutr: estimate =0.195, SE = 0.049, p < .005); however, the bacte-
rial community managed to recover from the effects of the nutri-
ent stress (glht, Tukey's post hoc test, estimate = 0.109; SE = 0.044; 
p = .154).

The species indicator analysis (De Cáceres & Legendre, 2009; De 
Cáceres et al., 2010; Dufrene & Legendre, 1997) revealed a total of 
104 OTUs with a significant difference in occurrence and or abun-
dance between treatments and timepoints (Table S6). Of these, 42 
OTUs remained unclassified at the family level, 31 at the order level, 
20 at the class level, and only 5 at the phylum level. Of the species 
classified to family level, the species that associated with the tem-
perature and combination treatments for all the morphological niches 
and timepoints belonged predominantly to the Rhodobacteraceae 
family. Those that associated exclusively to the nutrient treat-
ments belonged to the Desulfobulbaceae, Sphingomonadaceae, 
Enterobacteriaceae, Xanthomonadaceae, and Iamiaceae families. 
When considering the bacterial communities that had a significant 
difference from the control (Table S5), 5 indicator species were exclu-
sively associated with the endomicrobiome directly after tempera-
ture stress, 4 of which were associated with the Rhodobacteraceae 

family and one to an unclassified Oceanospirillales. Only one indi-
cator species was identified exclusively for the epimicrobiome di-
rectly after nutrient stress, belonging to the Enterobacteriaceae 
family, whereas no significant indicator species were exclusively as-
sociated with the differences observed for the epimicrobiome after 
the recovery period. Species belonging to the Rhodobacteraceae, 
Sphingomonadaceae, and Desulfobulbaceae families, as well as 
an unclassified Cytophagales, unclassified Clostridiales, unclassi-
fied Chromatiales, and several unclassified Gammaproteobacteria, 
contribute to the differences in community structure observed for 
the temperature stress treatment for the epimicrobiome after the 
recovery period. Lastly, the significant difference observed of the 
rhizomicrobiome directly after the temperature stress is associated 
with 5 species assigned to unclassified classes of Bacteroidetes, and 
Desulfobacteraceae and Desulfobulbaceae families (Table S6).

3.3 | Predicted functional responses of bacterial 
communities to environmental stressors

Inferred functional annotations were analyzed using PICRUSt2 
(Douglas et al., 2019), in which each OTU was assigned to at least 
one or more KO. Some OTUs were assigned to more than one func-
tion leading to 7,191 functional representatives. The predicted 
functional profiles of each morphological niche for each treatment 
showed no significance between controls (Table S7). A significant 
difference in community functional profile was observed for the 
epimicrobiome directly after the nutrient stress (glht, Tukey's post 
hoc test, estimate = 0.189; SE = 0.061; p = .039), but not after the 
recovery period. In the rhizomicrobiome, functional profiles were 
not significantly different, except for after the recovery period for 
the combination stress samples (glht, Tukey's post hoc test, es-
timate = 0.092; SE = 0.03; p = .042). None of the treatments had 
any significant effect on the functional capacities of the endomicro-
biome (Table S7). A full list of the individual functions significantly 

F I G U R E  3   Mean OTU numbers ± 
SE for each morphological niche at each 
timepoint for each treatment
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contributing to variation observed between samples at timepoint 1 
(directly after stress) and timepoint 2 (after the recovery period) is 
found in Table S7. Directly after stress, 58, 58, and 29 significantly 
different functions were identified for the endomicrobiome, epimi-
crobiome, and rhizomicrobiome, respectively. After the recovery 

period, the number of significantly different functions identified for 
the endomicrobiome, epimicrobiome and rhizomicrobiome were 65, 
115, and 75, respectively. Many functions were associated as indica-
tors for more than one treatment. Significant functions solely as-
sociated with the epimicrobiome directly after nutrient stress were 

F I G U R E  4   Community dissimilarity (Bray– Curtis) for both taxonomic composition (a- c) and predicted functional profiles (d- f) over time 
for each algal morphological niche. (a) Endomicrobiome taxonomy, (b) endomicrobiome predicted functions, (c) epimicrobiome taxonomy, 
(d) epimicrobiome predicted functions, (e) rhizomicrobiome taxonomy, (f) rhizomicrobiome predicted functions. (Significant treatments are 
indicated by *, relating to Tables S5 and S7)
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related to EPS production (succinoglycan biosynthesis proteins 
ExoW and ExoO; endo- 1,2- 1,4- beta- glycanase ExoK), several meta-
bolic reactions (glucuronokinase; glycogen synthase; maleylacetate 
reductase; propionate kinase), and RNA synthesis (DNA- directed 
DNA polymerase subunit beta- beta). Functions potentially contrib-
uting to the observed functional differences in the rhizomicrobi-
ome exposed to the combination stress after the recovery period 
were related to membrane transport (MFS transporters, D- allose 
transport system permease protein, bicarbonate transport system 
ATP- binding protein), modifications to the 23S rRNA component 
(23S rRNA (adenine- N6)- dimethyltransferase), and the synthesis of 
sphingolipids (neutral ceramidase) (Table S8).

3.4 | Resistance and resilience of bacterial 
communities

The resistance index is shown as value between 1 and 0 for each 
bacterial community, with 1 indicating complete resistance and 0 
representative of no resistance to the perturbation. The resilience is 
displayed as an index value between 1 and −1, with positive values 
representing that the bacterial communities post recovery are poten-
tially recovering to the control state. Resilience values near zero indi-
cate that the bacterial communities post recovery period are at the 

same state as those post stress, and negative resilience index values 
indicate that these communities that are still undergoing changes. 
Taxonomic and functional resistance and resilience were assessed 
for each morphological niche under different treatments (Figure 5a). 
It is observed that the endomicrobiome taxonomic composition is 
fairly resistant to the influences of the treatments, with none of the 
treatments showing a drop below 0.5. The highest resistance in the 
endomicrobiome taxonomic composition is seen for the nutrient 
enrichment. In contrast, the epimicrobiome taxonomic composition 
under increased nutrient load showed the lowest resistance for that 
morphological niche, indicating that the microbial taxonomic struc-
ture is less resistant to nutrient stress than the other treatments. For 
the microbial resilience, the endomicrobiome exhibits the least taxo-
nomic resilience overall, with the separate nutrient and temperature 
treatments indicating the communities are still experiencing shifts in 
the taxonomic structure of the community, either temporal or treat-
ment related or both. The epi-  and rhizomicrobiome show higher 
taxonomic resilience than the endomicrobiome with index values 
between 0.5 and 0. For both, the epi-  and rhizomicrobiome com-
munities under nutrient stress had the highest resilience index. The 
resilience index for the temperature treatment was near zero for the 
epimicrobiome, whereas the rhizomicrobiome had a resilience index 
of approximately zero for the combination treatment. The functional 
resistance and resilience of the epimicrobiome and rhizomicrobiome 

F I G U R E  5   The taxonomic (a) and 
the predicted functional (b) resistance 
and resilience index calculated for each 
morphological niche in response to 
different treatment types, using Bray– 
Curtis dissimilarity values as a community 
metric. Resistance index shown as a 
value between 1 and 0, with 1 indicating 
complete resistance and 0 no resistance. 
Resilience index shown as a value 
between 1 and −1, with positive values 
indicating recovery to control state, near- 
zero values indicating no change between 
poststress state and postrecovery period 
state, and negative values indicating a 
state of ongoing change
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follow the same patterns as the taxonomic resistance and resil-
ience previously mentioned (Figure 5b), barring the increased func-
tional resilience of the epimicrobiome to the temperature stress. 
The functional composition of the endomicrobiome also exhibits a 
high resistance to stress as is observed with the taxonomic resist-
ance. However, differences are observed in the functional resilience 
when compared to the taxonomic resilience of the endomicrobiome. 
Functional composition is more resilient to nutrient stress, and the 
resilience index for the combination treatment indicates the func-
tional profiles are still fluctuating.

4  | DISCUSSION

This study documents the taxonomic and predicted functional 
changes in bacterial communities associated with the green alga 
Caulerpa cylindracea in response to in situ pulse disturbances of en-
vironmental conditions. Resistance was calculated as the immediate 
changes in bacterial community structure after a period of abiotic 
stress, and resilience was determined as the potential recovery of 
the bacterial community to the original state before disruption. 
Natural variation in the community composition of marine bacte-
ria has been observed, with a large proportion attributed to unex-
plained variables or stochasticity (Hollants, Leliaert, Verbruggen, De 
Clerck, et al., 2013; Lima- Mendez et al., 2018). The results in this 
study support this notion as a high degree of variability in bacterial 
communities was observed between replicates (Figure 2). However, 
environmental parameters, macroalgal hosts species, grazers, pH, 
and surface chemical metabolites have been shown to influence bac-
terial composition (Aires et al., 2016; Egan et al., 2014; Li et al., 2006; 
Martiny et al., 2006; Saha & Weinberger, 2019; Wahl et al., 2012). 
Furthermore, distinct microbial communities have been shown to as-
sociate with specific niches of algal thalli dependent on the specific 
functional requirements of the differentiated tissue or pseudo- tissue 
type (Morrissey et al., 2019; Paix et al., 2020; Serebryakova et al., 
2018). Our results show that bacteria associated with specific algal 
morphological niches have unique responses to different stressors.

Research has suggested that endobionts are more stable over 
time (Hollants, Leliaert, Verbruggen, Willems, et al., 2013; Meusnier 
et al., 2001) than epibionts, which are naturally more exposed and 
therefore more susceptible to changing environments (Bengtsson 
et al., 2010; Mancuso et al., 2016). The thought extends further into 
the nature of these bacteria with the underlying assumption that en-
dobionts are more tightly associated with their respective host with 
symbioses co- evolved over time (Aires et al., 2013; Arnaud- Haond 
et al., 2017). In this study, endobionts were observed to have a higher 
taxonomic and functional resistance overall in comparison with the 
epi-  and rhizomicrobiome. However, the resilience of both the tax-
onomic structure and predicted functional profiles was low for the 
endomicrobiome under all types of stress, although the community 
differences for the nutrient and combination stress were not signifi-
cantly different from the control after the recovery period. As the re-
silience metric takes into account the disparity between community 

differences over time, a low initial difference directly after the stress 
compared to a greater difference observed after the recovery period 
would result in a lower resilience metric, even though it is not sta-
tistically significant. Therefore, the resilience index can be helpful in 
highlighting communities still undergoing taxonomic and functional 
shifts as a response to perturbation. Our results show that for the 
endomicrobiome, taxonomic composition resilience is negative, 
while the functional resilience is positive for the nutrient stress. This 
suggests that although the community structure is still changing, it 
is recovering functional capacity. Alternatively, for the temperature 
and combination treatments, both the endomicrobiome taxonomic 
and functional resilience indexes indicate they have either shifted 
to a new state or are still fluctuating, therefore, suggesting that the 
temperature treatment and the combination of treatments have a 
larger impact of endomicrobial communities. The resistance pro-
files for the epimicrobiome showed the highest sensitivity to the 
nutrient treatments for both taxonomic and functional composi-
tion. The functional profiles of the individual treatments showed 
a higher resilience than the taxonomic structure for the epimicro-
biota, suggesting functional capacity is able to recover somewhat. 
These results add to previous research that suggests both endo-  and 
epimicrobiome community structures are in fact influenced by envi-
ronmental changes (Hollants, Leliaert, Verbruggen, Willems, et al., 
2013; Marzinelli et al., 2018), although some research suggests that 
the environmental impact is only a secondary mechanism and that 
bacterial associations are strongly determined by host condition and 
growth stage (Aires et al., 2016; Mancuso et al., 2016; Marzinelli 
et al., 2015).

The rhizomicrobiome showed the lowest taxonomic and func-
tional resistance to all treatments. However, low resistance to 
change does not reflect microbial resilience (Shade et al., 2011), 
and in contrast, the taxonomic and functional resilience of bacte-
rial communities for the individual temperature and nutrient stress 
treatments indicates a potential recovery of the community struc-
ture. The taxonomic and functional resilience of rhizobacterial com-
munities under the combination treatment was near zero, showing 
no change of the community after recovery period when compared 
to the community composition poststress. The taxonomic and func-
tional composition was also significantly different from the control. 
Combination effects of multiple stressors have been shown in some 
instances to have additive effects (Gouvêa et al., 2017; Strain et al., 
2014). Our results suggest that the combination of temperature and 
nutrient stress may indeed have compounding effects on the rhi-
zomicrobial communities.

Microbial community stability has been defined as either the 
resistance or resilience to environmental perturbations, or the con-
sistency of the community structure and/or ecological attributes 
(Pimm, 1984; Worm & Duffy, 2003). However, changes within bac-
terial community composition do not always result in community in-
stability and could rather indicate a shift to a new stable state (Shade 
et al., 2012). Holling (1996) summarized two forms of resilience: en-
gineering resilience, which is defined as the ability of an ecological 
community to recover to the prestress stable state; and ecological 
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resilience, which takes into consideration the community shift from 
one stable state into a new regime in which the ecosystem is still in 
equilibrium but different from the initial state. Both types of resil-
ience ensure microbiome stability and aid in maintaining the health 
of the host organism. Quantitative measures of resistance and resil-
ience can be measured either as compositional stability or functional 
stability, and research suggests that microbial composition in gen-
eral does not show high resistance to environmental perturbations 
(Allison & Martiny, 2008). Our results agree with this notion showing 
that none of the samples were completely resistant to change. Due to 
bacterial plasticity and functional redundancy, microbiome stability 
can be further reinforced, through improved resilience and adapta-
tion (Bashan et al., 2016; Burke et al., 2011; Mandakovic et al., 2018; 
Shade et al., 2012). Therefore, a community can appear to be com-
positionally sensitive, but functionally resistant to environmental 
stress as is seen in this study where the predicted functional capac-
ities proved to be less significantly different from the control when 
compared to the taxonomic composition. The epi-  and rhizomicrobi-
ome also demonstrate a higher functional resilience than taxonomic 
resilience, and their proximity to the external environment may fa-
cilitate faster recruitment of functionally equivalent species (Burke 
et al., 2011). Determining taxa- function robustness would provide 
further insight into the ecological resilience of the bacterial commu-
nity (Eng & Borenstein, 2018). However, functional redundancy is 
not uniform across different bacterial groups (Griffiths & Philippot, 
2013) and the level of functional redundancy within environmental 
systems remains unclear as the functional capacities of many bac-
terial groups are yet to be described, or even incorrectly annotated 
(Allison & Martiny, 2008; Bagheri et al., 2020). Moreover, describing 
bacterial functional capacities does not elucidate functional expres-
sion and individual microbes may modulate their metabolic perfor-
mance in response to environmental stress (Eng & Borenstein, 2018). 
Resilience may also be observed for taxa– taxa interactions in which 
a core set of OTUs maintain crucial functions for bacterial commu-
nity survival (Mandakovic et al., 2018). Therefore, changes in com-
munity composition may be more informative at this stage and may 
indicate future functional changes (Liu et al., 2018).

It has been suggested that bacteria are able to modulate the 
responses of the host to environmental changes and can increase 
host adaptation (Dittami et al., 2016). Bacterial community shifts 
may facilitate functional changes in order to alleviate environmen-
tal stress; therefore, lower taxa- function robustness may be a mode 
of adaption utilized for maintaining ecosystem equilibrium (Eng & 
Borenstein, 2018). Our results show that predicted functions relating 
to succinoglycan biosynthesis, glucuronokinase, glycogen synthase, 
maleylacetate reductase, propionate kinase, and DNA- directed RNA 
polymerase are found as indicators in response to nutrient stress. 
Succinoglycan is an exopolysaccharide, which is a key component 
of algal surface biofilms, which also contains glucuronic acid, glu-
cose, and other dissolved organic carbon (DOC) sources (Decho & 
Gutierrez, 2017; Reinhold et al., 1994; Sutherland, 2001). Biofilms 
have multiple functional roles, which including acting as a reservoir 
of carbon storage, surface adhesion, mediating microbial surface 

settlement, and chemical defenses (Wahl et al., 2012). Indeed, the 
significant functional changes observed for the epimicrobiome as a 
response to an increased nutrient load may be indicative of bacte-
rial mitigation of stress; however, this cannot be confirmed without 
more detailed analysis of the effects on algal health and the algal 
bacterial metabolome. Ecological stability is dependent on bacterial 
competition, and increased diversity introduces metabolic plasticity 
improving chances for adaptation of species to a particular environ-
mental condition (Coyte et al., 2015). Additionally, the intermedi-
ate disturbance hypothesis (IDH) suggests that there is a trade- off 
between bacterial competition and community resilience, which 
supports a higher diversity of bacterial life strategies essential for 
system stability (Griffiths & Philippot, 2013). Changes to microbial 
composition introduce new genetic information through horizontal 
gene flow and by shuffling symbionts in response to environmental 
changes, and may increase the adaptive capacity of the holobiont 
(Webster & Reusch, 2017; Ziegler et al., 2017).

Environmental perturbations result in a wide range of down-
stream effects on microbial communities, and these communities 
depending on their innate species composition and associations with 
the host respond in different ways (Shade et al., 2011). Unfavorable 
changes to bacterial community composition can destabilize com-
munity dynamics and have detrimental effects on algal health, either 
through loss of functional capabilities or chemical defenses (Egan 
et al., 2013, 2014; Marzinelli et al., 2015; Wahl et al., 2012), which 
can potentially lead to the introduction of opportunistic pathogens 
(Campbell et al., 2011; Case et al., 2011). We identified several indica-
tor species associated with the temperature and combination stress 
that belonged to the Rhodobacteraceae family, which are known to 
contain notable macroalgal pathogens. This group of bacteria has 
been shown to contribute to the difference between healthy and 
diseased red algal tissue (Zozaya- Valdes et al., 2015), and the abun-
dances on kelp surfaces have been linked to temperature changes 
(Minich et al., 2018). Pathogenic bacterial species may be naturally 
present in healthy microbial communities, but only in the decline of 
algal health and a decrease in algal defenses be allowed to prolifer-
ate to detrimental levels. Additionally, pathogenic colonization may 
occur in stages, and only after a number of stress events does the 
system shift into a compromised state (Zozaya- Valdes et al., 2015).

In conclusion, bacterial stability is dependent on complex inter-
actions from various drivers (Orwin & Wardle, 2004). Our results 
demonstrate that bacterial communities associated with individual 
morphological niches have distinct responses to different perturba-
tion types and have varying levels of resilience. While we looked ex-
clusively at community responses to environmental change based on 
compositional changes to microbial structure, changes to functional 
capacities would provide added value in assessing both functional 
resilience and taxa- function robustness (Eng & Borenstein, 2018). 
Additionally, functional analyses would highlight key metabolic pro-
cesses associated with the respective abiotic factors (Aires et al., 
2016; Burke et al., 2011). This study definitively shows that envi-
ronmental factors play a role in bacterial community composition. 
However, it is important to note that this study only assesses the 
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effects of pulse disturbances in the environment and does not ad-
dress the recovery rates of individual bacterial groups which may be 
taxa- specific, which should be investigated further. Additionally, it is 
still unclear whether these changes observed are a direct response 
of the bacteria to the abiotic stress, an indirect influence of changes 
in host condition on the bacterial community, or a complex combi-
nation of bacteria– bacteria interactions. Furthermore, the question 
remains to what extent these changes are necessary for enhancing 
the host's ability to adapt to environmental change, and if they are 
not, could this be an indication of host demise?

ACKNOWLEDG MENTS
This research was funded by the European Union’s Horizon 2020 
research and innovation program under the Marie Sklodowska- Curie 
grant agreement No. 642575. We would like to further acknowl-
edge Dr. Robert Precali and the Center for Marine Research, Ruđer 
Bošković Institute in Rovinj for hosting the field work required in this 
study. We would like to thank the Istra Sunny Camping for allowing 
us free access to the site.

CONFLIC T OF INTERE S T
The authors declare no conflict of interests.

AUTHOR CONTRIBUTIONS
Kathryn Lee Morrissey: Conceptualization (equal); Data curation 
(lead); Formal analysis (lead); Investigation (lead); Methodology 
(equal); Project administration (equal); Visualization (lead); Writing- 
original draft (lead); Writing- review & editing (lead). Ljiljana Iveša: 
Data curation (supporting); Investigation (supporting); Project ad-
ministration (supporting); Resources (supporting); Writing- review 
& editing (supporting). Soria Delva: Investigation (supporting); 
Writing- review & editing (supporting). Sofie D'Hondt: Formal analy-
sis (supporting); Investigation (supporting); Methodology (equal). 
Anne Willems: Conceptualization (supporting); Funding acquisition 
(supporting); Project administration (supporting); Resources (equal); 
Supervision (supporting); Writing- review & editing (supporting). 
Olivier De Clerck: Conceptualization (equal); Data curation (sup-
porting); Formal analysis (supporting); Funding acquisition (lead); 
Investigation (equal); Methodology (supporting); Project adminis-
tration (equal); Resources (lead); Software (lead); Supervision (lead); 
Writing- review & editing (equal).

OPEN RE SE ARCH BADG E S

This article has earned an Open Data Badge for making publicly 
available the digitally- shareable data necessary to reproduce the 
reported results. The data is available at https://doi.org/10.5061/
dryad.sf7m0 cg6k.

DATA AVAIL ABILIT Y S TATEMENT
DNA sequences: Raw data and necessary inputs are deposited at 
Dryad (https://doi.org/10.5061/dryad.sf7m0 cg6k) and uploaded 

as a BioProject on NCBI: (Submission ID— SUB7543796; BioProject 
ID— PRJNA636971).

ORCID
Kathryn Lee Morrissey  https://orcid.org/0000-0003-3788-4316 

R E FE R E N C E S
Aires, T., Marbà, N., Serrao, E. A., Duarte, C. M., & Arnaud- Haond, S. 

(2012). Selective elimination of chloroplastidial DNA for metage-
nomics of bacteria associated with the green alga caulerpa taxifolia 
(Bryopsidophyceae)1. Journal of Phycology, 48, 483– 490. https://
doi.org/10.1111/j.1529- 8817.2012.01124.x

Aires, T., Serrão, E. A., & Engelen, A. H. (2016). Host and environmental 
specificity in bacterial communities associated to two highly inva-
sive marine species (Genus Asparagopsis). Frontiers in Microbiology, 
7, 559. https://doi.org/10.3389/fmicb.2016.00559

Aires, T., Serrão, E. A., Kendrick, G., Duarte, C. M., & Arnaud- Haond, S. 
(2013). Invasion is a community affair: Clandestine followers in the 
bacterial community associated to green algae, Caulerpa racemosa, 
track the invasion source. PLoS One, 8, e68429.

Allison, S. D., & Martiny, J. B. (2008). Resistance, resilience, and re-
dundancy in microbial communities. Proceedings of the National 
Academy of Sciences, 105, 11512– 11519. https://doi.org/10.1073/
pnas.08019 25105

Arnaud- Haond, S., Aires, T., Candeias, R., Teixeira, S. J. L., Duarte, C. 
M., Valero, M., & Serrao, E. A. (2017). Entangled fates of holobiont 
genomes during invasion: Nested bacterial and host diversities in 
Caulerpa taxifolia. Molecular Ecology, 26, 2379– 2391.

Bagheri, H., Severin, A. J., & Rajan, H. (2020). Detecting and correct-
ing misclassified sequences in the large- scale public databases. 
Bioinformatics, 36, 4699– 4705. https://doi.org/10.1093/bioin forma 
tics/btaa586

Bashan, A., Gibson, T. E., Friedman, J., Carey, V. J., Weiss, S. T., Hohmann, 
E. L., & Liu, Y. Y. (2016). Universality of human microbial dynamics. 
Nature, 534, 259– 262. https://doi.org/10.1038/natur e18301

Bender, E. A., Case, T. J., & Gilpin, M. E. (1984). Perturbation experiments 
in community ecology: theory and practice. Ecology, 65, 1– 13. 
https://doi.org/10.2307/1939452

Bengtsson, M. M., Sjøtun, K., & Øvreås, L. (2010). Seasonal dynamics 
of bacterial biofilms on the kelp Laminaria hyperborea. Aquatic 
Microbial Ecology, 60, 71– 83. https://doi.org/10.3354/ame01409

Bodenhausen, N., Horton, M. W., & Bergelson, J. (2013). Bacterial com-
munities associated with the leaves and the roots of Arabidopsis 
thaliana. PLoS One, 8, e56329. https://doi.org/10.1371/journ 
al.pone.0056329

Burke, C., Steinberg, P., Rusch, D., Kjelleberg, S., & Thomas, T. (2011). 
Bacterial community assembly based on functional genes rather 
than species. Proceedings of the National Academy of Sciences, 108, 
14288– 14293. https://doi.org/10.1073/pnas.11015 91108

Burr, F., & West, J. (1970). Light and electron microscope observations on 
the vegetative and reproductive structures of Bryopsis hypnoides. 
Phycologia, 9, 17– 37. https://doi.org/10.2216/i0031 - 8884- 9- 1- 17.1

Bushnell, B., Rood, J., & Singer, E. (2017). BBMerge -  Accurate paired 
shotgun read merging via overlap. PLoS One, 12, e0185056. https://
doi.org/10.1371/journ al.pone.0185056

Campbell, A. H., Harder, T., Nielsen, S., Kjelleberg, S., & Steinberg, P. D. 
(2011). Climate change and disease: bleaching of a chemically de-
fended seaweed. Global Change Biology, 17, 2958– 2970. https://doi.
org/10.1111/j.1365- 2486.2011.02456.x

Campbell, A. H., Marzinelli, E. M., Gelber, J., & Steinberg, P. D. (2015). 
Spatial variability of microbial assemblages associated with a dom-
inant habitat- forming seaweed. Frontiers in Microbiology, 6, 230. 
https://doi.org/10.3389/fmicb.2015.00230

https://doi.org/10.5061/dryad.sf7m0cg6k
https://doi.org/10.5061/dryad.sf7m0cg6k
https://doi.org/10.5061/dryad.sf7m0cg6k
https://orcid.org/0000-0003-3788-4316
https://orcid.org/0000-0003-3788-4316
https://doi.org/10.1111/j.1529-8817.2012.01124.x
https://doi.org/10.1111/j.1529-8817.2012.01124.x
https://doi.org/10.3389/fmicb.2016.00559
https://doi.org/10.1073/pnas.0801925105
https://doi.org/10.1073/pnas.0801925105
https://doi.org/10.1093/bioinformatics/btaa586
https://doi.org/10.1093/bioinformatics/btaa586
https://doi.org/10.1038/nature18301
https://doi.org/10.2307/1939452
https://doi.org/10.3354/ame01409
https://doi.org/10.1371/journal.pone.0056329
https://doi.org/10.1371/journal.pone.0056329
https://doi.org/10.1073/pnas.1101591108
https://doi.org/10.2216/i0031-8884-9-1-17.1
https://doi.org/10.1371/journal.pone.0185056
https://doi.org/10.1371/journal.pone.0185056
https://doi.org/10.1111/j.1365-2486.2011.02456.x
https://doi.org/10.1111/j.1365-2486.2011.02456.x
https://doi.org/10.3389/fmicb.2015.00230


15016  |     MORRISSEY Et al.

Caporaso, J. G., Kuczynski, J., Stombaugh, J., Bittinger, K., Bushman, F. D., 
Costello, E. K., Fierer, N., Pena, A. G., Goodrich, J. K., Gordon, J. I., 
Huttley, G. A., Kelley, S. T., Knights, D., Koenig, J. E., Ley, R. E., Lozupone, 
C. A., McDonald, D., Muegge, B. D., Pirrung, M., … Knight, R. (2010). 
QIIME allows analysis of high- throughput community sequencing data. 
Nature Methods, 7, 335– 336. https://doi.org/10.1038/nmeth.f.303

Case, R. J., Longford, S. R., Campbell, A. H., Low, A., Tujula, N., Steinberg, 
P. D., & Kjelleberg, S. (2011). Temperature induced bacterial vir-
ulence and bleaching disease in a chemically defended marine 
macroalga. Environmental Microbiology, 13, 529– 537. https://doi.
org/10.1111/j.1462- 2920.2010.02356.x

Christidis, N., Jones, G., & Stott, P. (2015). Dramatically increasing 
chance of extremely hot summers since the 2003 European heat-
wave. Nature Climate Change, 5, 46– 50. https://doi.org/10.1038/
nclim ate2468

Cole, J. R., Wang, Q., Fish, J. A., Chai, B., McGarrell, D. M., Sun, Y., 
Brown, C. T., Porras- Alfaro, A., Kuske, C. R., & Tiedje, J. M. (2014). 
Ribosomal Database Project: Data and tools for high throughput 
rRNA analysis. Nucleic Acids Research, 42, D633– D642. https://doi.
org/10.1093/nar/gkt1244

Coyte, K. Z., Schluter, J., & Foster, K. R. (2015). The ecology of the mi-
crobiome: Networks, competition, and stability. Science, 350, 663– 
666. https://doi.org/10.1126/scien ce.aad2602

Darmaraki, S., Somot, S., Sevault, F., Nabat, P., Cabos Narvaez, W. D., 
Cavicchia, L., Djurdjevic, V., Li, L., Sannino, G., & Sein, D. V. (2019). 
Future evolution of Marine Heatwaves in the Mediterranean Sea. 
Climate Dynamics, 53, 1371– 1392. https://doi.org/10.1007/s0038 
2- 019- 04661 - z

De Cáceres, M., & Legendre, P. (2009). Associations between species and 
groups of sites: Indices and statistical inference. Ecology, 90, 3566– 
3574. https://doi.org/10.1890/08- 1823.1

De Cáceres, M., Legendre, P., & Moretti, M. (2010). Improving indicator 
species analysis by combining groups of sites. Oikos, 119, 1674– 
1684. https://doi.org/10.1111/j.1600- 0706.2010.18334.x

Decho, A. W., & Gutierrez, T. (2017). Microbial Extracellular Polymeric 
Substances (EPSs) in ocean systems. Frontiers in Microbiology, 8, 
922. https://doi.org/10.3389/fmicb.2017.00922

Dittami, S. M., Duboscq- Bidot, L., Perennou, M., Gobet, A., Corre, E., 
Boyen, C., & Tonon, T. (2016). Host– microbe interactions as a driver 
of acclimation to salinity gradients in brown algal cultures. The ISME 
Journal, 10, 51– 63. https://doi.org/10.1038/ismej.2015.104

Djakovac, T., Degobbis, D., Supić, N., & Precali, R. (2012). Marked reduc-
tion of eutrophication pressure in the northeastern Adriatic in the 
period 2000– 2009. Estuarine, Coastal and Shelf Science, 115, 25– 32. 
https://doi.org/10.1016/j.ecss.2012.03.029

Douglas, A. E., & Werren, J. H. (2016). Holes in the Hologenome: Why 
host- microbe symbioses are not holobionts. MBio, 7(2), e02099- 15. 
https://doi.org/10.1128/mBio.02099 - 15

Douglas, G. M., Maffei, V. J., Zaneveld, J., Yurgel, S. N., Brown, J. R., 
Taylor, C. M., Huttenhower, C., & Langille, M. G. I. (2019). PICRUSt2: 
An improved and extensible approach for metagenome inference. 
bioRxiv. 672295. https://doi.org/10.1101/672295

Doyle, J. J., & Doyle, J. L. (1987). A rapid DNA isolation procedure for 
small quantities of fresh leaf tissue. Phytochemical Bulletin, 19, 
11– 15.

Druon, J.- N., Schrimpf, W., Dobricic, S., & Stips, A. (2004). Comparative 
assessment of large- scale marine eutrophication: North Sea area 
and Adriatic Sea as case studies. Marine Ecology Progress Series, 272, 
1– 23. https://doi.org/10.3354/meps2 72001

Duarte, B., Martins, I., Rosa, R., Matos, A. R., Roleda, M. Y., Reusch, T. 
B. H., Engelen, A. H., Serrão, E. A., Pearson, G. A., Marques, J. C., 
Caçador, I., Duarte, C. M., & Jueterbock, A. (2018). Climate change 
impacts on seagrass meadows and macroalgal forests: An integra-
tive perspective on acclimation and adaptation potential. Frontiers in 
Marine Science, 5, 190. https://doi.org/10.3389/fmars.2018.00190

Dufrene, M., & Legendre, P. (1997). Species assemblages and indicator 
species: The need for a flexible asymmetrical approach. Ecological 
Monographs, 67, 345– 366. https://doi.org/10.2307/2963459

Edgar, R. C. (2010). Search and clustering orders of magnitude faster than 
BLAST. Bioinformatics, 26, 2460– 2461. https://doi.org/10.1093/
bioin forma tics/btq461

Edgar, R. C. (2013). UPARSE: Highly accurate OTU sequences from mi-
crobial amplicon reads. Nature Methods, 10, 996– 998. https://doi.
org/10.1038/nmeth.2604

Egan, S., Fernandes, N. D., Kumar, V., Gardiner, M., & Thomas, T. (2014). 
Bacterial pathogens, virulence mechanism and host defence in ma-
rine macroalgae. Environmental Microbiology, 16, 925– 938. https://
doi.org/10.1111/1462- 2920.12288

Egan, S., Harder, T., Burke, C., Steinberg, P., Kjelleberg, S., & Thomas, T. 
(2013). The seaweed holobiont: understanding seaweed- bacteria 
interactions. FEMS Microbiology Reviews, 37, 462– 476. https://doi.
org/10.1111/1574- 6976.12011

Eng, A., & Borenstein, E. (2018). Taxa- function robustness in microbial 
communities. Microbiome, 6(1), 45. https://doi.org/10.1186/s4016 
8- 018- 0425- 4

Fong, C. R., & Fong, P. (2018). Nutrient fluctuations in marine systems: 
Press versus pulse nutrient subsidies affect producer competition 
and diversity in estuaries and coral reefs. Estuaries and Coasts, 41, 
421– 429. https://doi.org/10.1007/s1223 7- 017- 0291- 5

Franzenburg, S., Walter, J., Künzel, S., Wang, J., Baines, J. F., Bosch, T. C. 
G., & Fraune, S. (2013). Distinct antimicrobial peptide expression 
determines host species- specific bacterial associations. Proceedings 
of the National Academy of Sciences, 110(39), E3730– E3738. https://
doi.org/10.1073/pnas.13049 60110

Fraser, C., Alm, E. J., Polz, M. F., Spratt, B. G., & Hanage, W. P. (2009). 
The bacterial species challenge: Making sense of genetic and eco-
logical diversity. Science, 323, 741. https://doi.org/10.1126/scien 
ce.1159388

Gilbert, J. A., Blaser, M. J., Caporaso, J. G., Jansson, J. K., Lynch, S. V., & 
Knight, R. (2018). Current understanding of the human microbiome. 
Nature Medicine, 24, 392– 400. https://doi.org/10.1038/nm.4517

Glasl, B., Smith, C. E., Bourne, D. G., & Webster, N. S. (2018). Exploring 
the diversity- stability paradigm using sponge microbial communi-
ties. Scientific Reports, 8, 8425. https://doi.org/10.1038/s4159 8- 
018- 26641 - 9

Gouvêa, L. P., Schubert, N., Martins, C. D. L., Sissini, M., Ramlov, F., 
Rodrigues, E. R. D. O., Bastos, E. O., Freire, V. C., Maraschin, M., 
Carlos Simonassi, J., Varela, D. A., Franco, D., Cassano, V., Fonseca, 
A. L., Barufi J, B., & Horta, P. A. (2017). Interactive effects of 
marine heatwaves and eutrophication on the ecophysiology of 
a widespread and ecologically important macroalga. Limnology 
and Oceanography, 62, 2056– 2075. https://doi.org/10.1002/lno. 
10551

Griffiths, B. S., & Philippot, L. (2013). Insights into the resistance and 
resilience of the soil microbial community. FEMS Microbiology 
Reviews, 37, 112– 129. https://doi.org/10.1111/j.1574- 6976. 2012. 
00343.x

Groussin, M., Mazel, F., Sanders, J. G., Smillie, C. S., Lavergne, S., Thuiller, 
W., & Alm, E. J. (2017). Unraveling the processes shaping mammalian 
gut microbiomes over evolutionary time. Nature Communications, 8, 
14319. https://doi.org/10.1038/ncomm s14319

Grünwald, S., Pilhofer, M., & Höll, W. (2010). Microbial associations in 
gut systems of wood-  and bark- inhabiting longhorned beetles 
[Coleoptera: Cerambycidae]. Systematic and Applied Microbiology, 
33, 25– 34. https://doi.org/10.1016/j.syapm.2009.10.002

Hanshew, A. S., Mason, C. J., Raffa, K. F., & Currie, C. R. (2013). 
Minimization of chloroplast contamination in 16S rRNA gene py-
rosequencing of insect herbivore bacterial communities. Journal 
of Microbiological Methods, 95, 149– 155. https://doi.org/10.1016/j.
mimet.2013.08.007

https://doi.org/10.1038/nmeth.f.303
https://doi.org/10.1111/j.1462-2920.2010.02356.x
https://doi.org/10.1111/j.1462-2920.2010.02356.x
https://doi.org/10.1038/nclimate2468
https://doi.org/10.1038/nclimate2468
https://doi.org/10.1093/nar/gkt1244
https://doi.org/10.1093/nar/gkt1244
https://doi.org/10.1126/science.aad2602
https://doi.org/10.1007/s00382-019-04661-z
https://doi.org/10.1007/s00382-019-04661-z
https://doi.org/10.1890/08-1823.1
https://doi.org/10.1111/j.1600-0706.2010.18334.x
https://doi.org/10.3389/fmicb.2017.00922
https://doi.org/10.1038/ismej.2015.104
https://doi.org/10.1016/j.ecss.2012.03.029
https://doi.org/10.1128/mBio.02099-15
https://doi.org/10.1101/672295
https://doi.org/10.3354/meps272001
https://doi.org/10.3389/fmars.2018.00190
https://doi.org/10.2307/2963459
https://doi.org/10.1093/bioinformatics/btq461
https://doi.org/10.1093/bioinformatics/btq461
https://doi.org/10.1038/nmeth.2604
https://doi.org/10.1038/nmeth.2604
https://doi.org/10.1111/1462-2920.12288
https://doi.org/10.1111/1462-2920.12288
https://doi.org/10.1111/1574-6976.12011
https://doi.org/10.1111/1574-6976.12011
https://doi.org/10.1186/s40168-018-0425-4
https://doi.org/10.1186/s40168-018-0425-4
https://doi.org/10.1007/s12237-017-0291-5
https://doi.org/10.1073/pnas.1304960110
https://doi.org/10.1073/pnas.1304960110
https://doi.org/10.1126/science.1159388
https://doi.org/10.1126/science.1159388
https://doi.org/10.1038/nm.4517
https://doi.org/10.1038/s41598-018-26641-9
https://doi.org/10.1038/s41598-018-26641-9
https://doi.org/10.1002/lno.10551
https://doi.org/10.1002/lno.10551
https://doi.org/10.1111/j.1574-6976.2012.00343.x
https://doi.org/10.1111/j.1574-6976.2012.00343.x
https://doi.org/10.1038/ncomms14319
https://doi.org/10.1016/j.syapm.2009.10.002
https://doi.org/10.1016/j.mimet.2013.08.007
https://doi.org/10.1016/j.mimet.2013.08.007


     |  15017MORRISSEY Et al.

He, Q., & Silliman, B. R. (2019). Climate change, human impacts, and 
coastal ecosystems in the anthropocene. Current Biology, 29, 
R1021– R1035.

Hobday, A. J., Alexander, L. V., Perkins, S. E., Smale, D. A., Straub, S. C., 
Oliver, E. C. J., Benthuysen, J. A., Burrows, M. T., Donat, M. G., 
Feng, M., Holbrook, N. J., Moore, P. J., Scannell, H. A., Sen Gupta, 
A., & Wernberg, T. (2016). A hierarchical approach to defining ma-
rine heatwaves. Progress in Oceanography, 141, 227– 238. https://
doi.org/10.1016/j.pocean.2015.12.014

Hollants, J., Leliaert, F., De Clerck, O., & Willems, A. (2010). How endo-  
is endo- ? Surface sterilization of delicate samples: A Bryopsis 
(Bryopsidales, Chlorophyta) case study. Symbiosis, 51, 131– 138. 
https://doi.org/10.1007/s1319 9- 010- 0068- 0

Hollants, J., Leliaert, F., Verbruggen, H., De Clerck, O., & Willems, A. 
(2013). Host specificity and coevolution of Flavobacteriaceae endo-
symbionts within the siphonous green seaweed Bryopsis. Molecular 
Phylogenetics and Evolution, 67, 608– 614. https://doi.org/10.1016/j.
ympev.2013.02.025

Hollants, J., Leliaert, F., Verbruggen, H., Willems, A., & De Clerck, O. 
(2013). Permanent residents or temporary lodgers: characterizing 
intracellular bacterial communities in the siphonous green alga 
Bryopsis. Proceedings Biological Sciences, 280, 20122659.

Holling, C. S. (1996). Engineering resilience versus ecological resilience. 
In P. E. Schulze (Ed.), Engineering within ecological constraints (pp. 
31– 43). National Academy Press.

Hothorn, T., Bretz, F., & Westfall, P. (2008). Simultaneous inference 
in general parametric models. Biometrical Journal, 50, 346– 363. 
https://doi.org/10.1002/bimj.20081 0425

Iveša, L., Djakovac, T., & Devescovi, M. (2015). Spreading patterns of the 
invasive Caulerpa cylindracea Sonder along the west Istrian Coast 
(northern Adriatic Sea, Croatia). Marine Environmental Research, 
107, 1– 7. https://doi.org/10.1016/j.maren vres.2015.03.008

Lahti, L., Shetty, S., Blake, T., & Salojarvi, J. (2017). Tools for microbiome 
analysis in R. Version 1.10.0. Version 1:28.

Lane, D. J. (1991). 16S/23S rRNA sequencing. In E. Stackebrandt & M. 
Goodfellow (Eds.), Nucleic acid techniques in bacterial systematic (pp. 
115– 175). John Wiley and Sons.

Lemanceau, P., Blouin, M., Muller, D., & Moënne- Loccoz, Y. (2017). Let 
the core microbiota be functional. Trends in Plant Science, 22, 583– 
595. https://doi.org/10.1016/j.tplan ts.2017.04.008

Lenth, R. (2016). Least- Squares Means. R Package ‘lsmeans’.
Li, Z.- Y., He, L.- M., Wu, J., & Jiang, Q. (2006). Bacterial community diver-

sity associated with four marine sponges from the South China Sea 
based on 16S rDNA- DGGE fingerprinting. Journal of Experimental 
Marine Biology and Ecology, 329, 75– 85. https://doi.org/10.1016/j.
jembe.2005.08.014

Lima- Mendez, G., Faust, K., Henry, N., Decelle, J., Colin, S., Carcillo, F., 
Chaffron, S., Ignacio- Espinosa, J. C., Roux, S., Vincent, F., Bittner, L., 
Darzi, Y., Wang, J., Audic, S., Berline, L., Bontempi, G., Cabello, A. M., 
Coppola, L., Cornejo- Castillo, F. M., … Raes, J. (2018). Determinants 
of community structure in the global plankton interactome. Science, 
348, 1262073. https://doi.org/10.1126/scien ce.1262073

Liu, Z., Cichocki, N., Bonk, F., Gunther, S., Schattenberg, F., Harms, H., 
Centler, F., & Muller, S. (2018). Ecological stability properties of 
microbial communities assessed by flow cytometry. mSphere, 3(1), 
e00564- 17. https://doi.org/10.1128/mSphe re.00564 - 17

Mancuso, F. P., D’Hondt, S., Willems, A., Airoldi, L., & De Clerck, O. (2016). 
Diversity and temporal dynamics of the epiphytic bacterial com-
munities associated with the canopy- forming seaweed Cystoseira 
compressa (Esper) gerloff and nizamuddin. Frontiers in Microbiology, 
7, 476. https://doi.org/10.3389/fmicb.2016.00476

Mandakovic, D., Rojas, C., Maldonado, J., Latorre, M., Travisany, D., 
Delage, E., Bihouée, A., Jean, G., Díaz, F. P., Fernández- Gómez, 
B., Cabrera, P., Gaete, A., Latorre, C., Gutiérrez, R. A., Maass, A., 

Cambiazo, V., Navarrete, S. A., Eveillard, D., & González, M. (2018). 
Structure and co- occurrence patterns in microbial communities 
under acute environmental stress reveal ecological factors foster-
ing resilience. Scientific Reports, 8, 5875. https://doi.org/10.1038/
s4159 8- 018- 23931 - 0

Martiny, J. B. H., Bohannan, B. J. M., Brown, J. H., Colwell, R. K., Fuhrman, 
J. A., Green, J. L., Horner- Devine, M. C., Kane, M., Krumins, J. A., 
Kuske, C. R., Morin, P. J., Naeem, S., Øvreås, L., Reysenbach, A.- L., 
Smith, V. H., & Staley, J. T. (2006). Microbial biogeography: putting 
microorganisms on the map. Nature Reviews Microbiology, 4, 102– 
112. https://doi.org/10.1038/nrmic ro1341

Marzinelli, E. M., Campbell, A. H., Zozaya Valdes, E., Vergés, A., Nielsen, 
S., Wernberg, T., de Bettignies, T., Bennett, S., Caporaso, J. G., 
Thomas, T., & Steinberg, P. D. (2015). Continental- scale variation 
in seaweed host- associated bacterial communities is a function 
of host condition, not geography. Environmental Microbiology, 17, 
4078– 4088. https://doi.org/10.1111/1462- 2920.12972

Marzinelli, E. M., Qiu, Z., Dafforn, K. A., Johnston, E. L., Steinberg, P. 
D., & Mayer- Pinto, M. (2018). Coastal urbanisation affects micro-
bial communities on a dominant marine holobiont. Npj Biofilms and 
Microbiomes, 4(1). https://doi.org/10.1038/s4152 2- 017- 0044- z

McMurdie, P. J., & Holmes, S. (2013). phyloseq: An R package for re-
producible interactive analysis and graphics of microbiome cen-
sus data. PLoS One, 8, e61217. https://doi.org/10.1371/journ 
al.pone.0061217

Meehl, G. A., & Tebaldi, C. (2004). More intense, more frequent, and lon-
ger lasting heat waves in the 21st century. Science, 305, 994.

Mensch, B., Neulinger, S. C., Graiff, A., Pansch, A., Künzel, S., Fischer, 
M. A., & Schmitz, R. A. (2016). Restructuring of epibacterial com-
munities on Fucus vesiculosus forma mytili in response to elevated 
pCO2 and increased temperature levels. Frontiers in Microbiology, 7, 
434. https://doi.org/10.3389/fmicb.2016.00434

Meusnier, I., Olsen, J. L., Stam, W. T., Destombe, C., & Valero, M. (2001). 
Phylogenetic analyses of Caulerpa taxifolia (Chlorophyta) and of its 
associated bacterial microflora provide clues to the origin of the 
Mediterranean introduction. Molecular Ecology, 10, 931– 946.

Minich, J. J., Morris, M. M., Brown, M., Doane, M., Edwards, M. S., 
Michael, T. P., & Dinsdale, E. A. (2018). Elevated temperature drives 
kelp microbiome dysbiosis, while elevated carbon dioxide induces 
water microbiome disruption. PLoS One, 13, e0192772.

Morrissey, K. L., Çavaş, L., Willems, A., & De Clerck, O. (2019). 
Disentangling the influence of environment, host specificity and 
thallus differentiation on bacterial communities in siphonous green 
seaweeds. Frontiers in Microbiology, 10, 717.

Naim, M. A., Morillo, J. A., Sørensen, S. J., Waleed, A.- A.- S., Smidt, H., & 
Sipkema, D. (2014). Host- specific microbial communities in three 
sympatric North Sea sponges. FEMS Microbiology Ecology, 90, 390– 
403. https://doi.org/10.1111/1574- 6941.12400

Oksanen, J., Blanchet, F. G., Friendly, M., Kindt, R., Legendre, P., McGlinn, 
D., Minchin, P. R., O’Hara, R., Simpson, G. L., & Solymos, P. (2016). 
vegan: Community Ecology Package. R package version 2.4- 1. 2016.

Oliver, E. C. J., Donat, M. G., Burrows, M. T., Moore, P. J., Smale, D. A., 
Alexander, L. V., Benthuysen, J. A., Feng, M., Gupta, A. S., Hobday, 
A. J., Holbrook, N. J., Perkins- Kirkpatrick, S. E., Scannell, H. A., 
Straub, S. C., & Wernberg, T. (2018). Longer and more frequent ma-
rine heatwaves over the past century. Nature Communications, 9, 
1324. https://doi.org/10.1038/s4146 7- 018- 03732 - 9

Orwin, K. H., & Wardle, D. A. (2004). New indices for quantifying the re-
sistance and resilience of soil biota to exogenous disturbances. Soil 
Biology and Biochemistry, 36, 1907– 1912. https://doi.org/10.1016/j.
soilb io.2004.04.036

Paix, B., Carriot, N., Barry- Martinet, R., Greff, S., Misson, B., Briand, J.- F., 
& Culioli, G. (2020). A multi- omics analysis suggests links between 
the differentiated surface metabolome and epiphytic microbiota 

https://doi.org/10.1016/j.pocean.2015.12.014
https://doi.org/10.1016/j.pocean.2015.12.014
https://doi.org/10.1007/s13199-010-0068-0
https://doi.org/10.1016/j.ympev.2013.02.025
https://doi.org/10.1016/j.ympev.2013.02.025
https://doi.org/10.1002/bimj.200810425
https://doi.org/10.1016/j.marenvres.2015.03.008
https://doi.org/10.1016/j.tplants.2017.04.008
https://doi.org/10.1016/j.jembe.2005.08.014
https://doi.org/10.1016/j.jembe.2005.08.014
https://doi.org/10.1126/science.1262073
https://doi.org/10.1128/mSphere.00564-17
https://doi.org/10.3389/fmicb.2016.00476
https://doi.org/10.1038/s41598-018-23931-0
https://doi.org/10.1038/s41598-018-23931-0
https://doi.org/10.1038/nrmicro1341
https://doi.org/10.1111/1462-2920.12972
https://doi.org/10.1038/s41522-017-0044-z
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.3389/fmicb.2016.00434
https://doi.org/10.1111/1574-6941.12400
https://doi.org/10.1038/s41467-018-03732-9
https://doi.org/10.1016/j.soilbio.2004.04.036
https://doi.org/10.1016/j.soilbio.2004.04.036


15018  |     MORRISSEY Et al.

along the thallus of a mediterranean seaweed holobiont. Frontiers in 
Microbiology, 11, 494. https://doi.org/10.3389/fmicb.2020.00494

Perkins, S. E., Alexander, L. V., & Nairn, J. R. (2012). Increasing frequency, 
intensity and duration of observed global heatwaves and warm 
spells. Geophysical Research Letters, 39, L20714.

Pimm, S. L. (1984). The complexity and stability of ecosystems. Nature, 
307, 321– 326. https://doi.org/10.1038/307321a0

Pita, L., Rix, L., Slaby, B. M., Franke, A., & Hentschel, U. (2018). The sponge 
holobiont in a changing ocean: From microbes to ecosystems. 
Microbiome, 6, 46. https://doi.org/10.1186/s4016 8- 018- 0428- 1

Price, M. N., Dehal, P. S., & Arkin, A. P. (2010). FastTree 2– Approximately 
maximum- likelihood trees for large alignments. PLoS One, 5, e9490. 
https://doi.org/10.1371/journ al.pone.0009490

Qiu, Z., Coleman, M. A., Provost, E., Campbell, A. H., Kelaher, B. P., 
Dalton, S. J., Thomas, T., Steinberg, P. D., & Marzinelli, E. M. (2019). 
Future climate change is predicted to affect the microbiome and 
condition of habitat- forming kelp. Proceedings of the Royal Society B: 
Biological Sciences, 286(1896), 20181887. https://doi.org/10.1098/
rspb.2018.1887

R Development Core Team. (2010). R: A language and environment for sta-
tistical computing. R Foundation for Statistical Computing.

Rahmstorf, S., & Coumou, D. (2011). Increase of extreme events in a 
warming world. Proceedings of the National Academy of Sciences, 
108(44), 17905– 17909. https://doi.org/10.1073/pnas.11017 66108

Reinhold, B. B., Chan, S. Y., Reuber, T. L., Marra, A., Walker, G. C., & 
Reinhold, V. N. (1994). Detailed structural characterization of suc-
cinoglycan, the major exopolysaccharide of Rhizobium meliloti 
Rm1021. Journal of Bacteriology, 176, 1997.

Reinhold- Hurek, B., & Hurek, T. (2011). Living inside plants: Bacterial en-
dophytes. Current Opinion in Plant Biology, 14, 435– 443. https://doi.
org/10.1016/j.pbi.2011.04.004

Relman, D. A. (2008). ‘Til death do us part’: coming to terms with symbi-
otic relationships. Nature Reviews Microbiology, 6, 721– 724. https://
doi.org/10.1038/nrmic ro1990

Reshef, L., Koren, O., Loya, Y., Zilber- Rosenberg, I., & Rosenberg, E. 
(2006). The coral probiotic hypothesis. Environmental Microbiology, 
8, 2068– 2073. https://doi.org/10.1111/j.1462- 2920.2006.01148.x

Rosenberg, E., Koren, O., Reshef, L., Efrony, R., & Zilber- Rosenberg, I. 
(2007). The role of microorganisms in coral health, disease and 
evolution. Nature Reviews Microbiology, 5, 355– 362. https://doi.
org/10.1038/nrmic ro1635

Rosenberg, E., & Zilber- Rosenberg, I. (2018). The hologenome con-
cept of evolution after 10 years. Microbiome, 6, 78. https://doi.
org/10.1186/s4016 8- 018- 0457- 9

Roth- Schulze, A. J., Pintado, J., Zozaya- Valdés, E., Cremades, J., Ruiz, 
P., Kjelleberg, S., & Thomas, T. (2018). Functional biogeography 
and host specificity of bacterial communities associated with the 
Marine Green Alga Ulva spp. Molecular Ecology, 27, 1952– 1965.

Saha, M., & Weinberger, F. (2019). Microbial “gardening” by a seaweed 
holobiont: Surface metabolites attract protective and deter patho-
genic epibacterial settlement. Journal of Ecology, 107, 2255– 2265. 
https://doi.org/10.1111/1365- 2745.13193

Schloss, P. D., Westcott, S. L., Ryabin, T., Hall, J. R., Hartmann, M., Hollister, 
E. B., Lesniewski, R. A., Oakley, B. B., Parks, D. H., Robinson, C. J., 
Sahl, J. W., Stres, B., Thallinger, G. G., Van Horn, D. J., & Weber, C. F. 
(2009). Introducing mothur: Open- source, platform- independent, 
community- supported software for describing and comparing mi-
crobial communities. Applied and Environmental Microbiology, 75, 
7537.

Serebryakova, A., Aires, T., Viard, F., Serrão, E. A., & Engelen, A. H. 
(2018). Summer shifts of bacterial communities associated with the 
invasive brown seaweed Sargassum muticum are location and tis-
sue dependent. PLoS One, 13, e0206734. https://doi.org/10.1371/
journ al.pone.0206734

Shade, A., & Handelsman, J. (2012). Beyond the Venn diagram: The 
hunt for a core microbiome. Environmental Microbiology, 14, 4– 12. 
https://doi.org/10.1111/j.1462- 2920.2011.02585.x

Shade, A., Peter, H., Allison, S., Baho, D., Berga, M., Buergmann, H., 
Huber, D., Langenheder, S., Lennon, J., Martiny, J., Matulich, K., 
Schmidt, T., & Handelsman, J. (2012). Fundamentals of microbial 
community resistance and resilience. Frontiers in Microbiology, 3, 
417. https://doi.org/10.3389/fmicb.2012.00417

Shade, A., Read, J. S., Welkie, D. G., Kratz, T. K., Wu, C. H., & McMahon, 
K. D. (2011). Resistance, resilience and recovery: aquatic bac-
terial dynamics after water column disturbance. Environmental 
Microbiology, 13, 2752– 2767. https://doi.org/10.1111/ j.1462- 2920. 
2011.02546.x

Sorte, C. J. B., Fuller, A., & Bracken, M. E. S. (2010). Impacts of a simu-
lated heat wave on composition of a marine community. Oikos, 119, 
1909– 1918. https://doi.org/10.1111/j.1600- 0706.2010.18663.x

Strain, E. M. A., Thomson, R. J., Micheli, F., Mancuso, F. P., & Airoldi, 
L. (2014). Identifying the interacting roles of stressors in driving 
the global loss of canopy- forming to mat- forming algae in marine 
ecosystems. Global Change Biology, 20, 3300– 3312. https://doi.
org/10.1111/gcb.12619

Sutherland, I. W. (2001). Biofilm exopolysaccharides: A strong and sticky 
framework. Microbiology, 147, 3– 9. https://doi.org/10.1099/00221 
287- 147- 1- 3

Turnbaugh, P. J., Hamady, M., Yatsunenko, T., Cantarel, B. L., Duncan, 
A., Ley, R. E., Sogin, M. L., Jones, W. J., Roe, B. A., Affourtit, J. P., 
Egholm, M., Henrissat, B., Heath, A. C., Knight, R., & Gordon, J. I. 
(2009). A core gut microbiome in obese and lean twins. Nature, 457, 
480– 484. https://doi.org/10.1038/natur e07540

Wahl, M., Goecke, F., Labes, A., Dobretsov, S., & Weinberger, F. (2012). 
The second skin: Ecological role of epibiotic biofilms on marine or-
ganisms. Frontiers in Microbiology, 3, 292. https://doi.org/10.3389/
fmicb.2012.00292

Webster, N. S., & Reusch, T. B. H. (2017). Microbial contributions to the 
persistence of coral reefs. The ISME Journal, 11, 2167– 2174. https://
doi.org/10.1038/ismej.2017.66

Webster, N. S., & Thomas, T. (2016). The sponge hologenome. MBio, 7, 
e00135- 16.

Wernberg, T., Bennett, S., Babcock, R. C., de Bettignies, T., Cure, K., 
Depczynski, M., Dufois, F., Fromont, J., Fulton, C. J., Hovey, R. K., 
Harvey, E. S., Holmes, T. H., Kendrick, G. A., Radford, B., Santana- 
Garcon, J., Saunders, B. J., Smale, D. A., Thomsen, M. S., Tuckett, C. 
A., … Wilson, S. (2016). Climate- driven regime shift of a temperate 
marine ecosystem. Science, 353, 169. https://doi.org/10.1126/scien 
ce.aad8745

Worm, B., & Duffy, J. E. (2003). Biodiversity, productivity and stability in 
real food webs. Trends in Ecology & Evolution, 18, 628– 632. https://
doi.org/10.1016/j.tree.2003.09.003

Yang, X.- E., Wu, X., Hao, H.- L., & He, Z.- L. (2008). Mechanisms and as-
sessment of water eutrophication. Journal of Zhejiang University 
Science B, 9, 197– 209. https://doi.org/10.1631/jzus.B0710626

Zhou, J., Deng, Y., Zhang, P., Xue, K., Liang, Y., Van Nostrand, J. D., Yang, 
Y., He, Z., Wu, L., Stahl, D. A., Hazen, T. C., Tiedje, J. M., & Arkin, 
A. P. (2014). Stochasticity, succession, and environmental perturba-
tions in a fluidic ecosystem. Proceedings of the National Academy of 
Sciences, 111, E836.

Ziegler, M., Seneca, F. O., Yum, L. K., Palumbi, S. R., & Voolstra, C. R. 
(2017). Bacterial community dynamics are linked to patterns of 
coral heat tolerance. Nature Communications, 8, 14213. https://doi.
org/10.1038/ncomm s14213

Zilber- Rosenberg, I., & Rosenberg, E. (2008). Role of microorganisms 
in the evolution of animals and plants: The hologenome theory of 
evolution. FEMS Microbiology Reviews, 32, 723– 735. https://doi.
org/10.1111/j.1574- 6976.2008.00123.x

https://doi.org/10.3389/fmicb.2020.00494
https://doi.org/10.1038/307321a0
https://doi.org/10.1186/s40168-018-0428-1
https://doi.org/10.1371/journal.pone.0009490
https://doi.org/10.1098/rspb.2018.1887
https://doi.org/10.1098/rspb.2018.1887
https://doi.org/10.1073/pnas.1101766108
https://doi.org/10.1016/j.pbi.2011.04.004
https://doi.org/10.1016/j.pbi.2011.04.004
https://doi.org/10.1038/nrmicro1990
https://doi.org/10.1038/nrmicro1990
https://doi.org/10.1111/j.1462-2920.2006.01148.x
https://doi.org/10.1038/nrmicro1635
https://doi.org/10.1038/nrmicro1635
https://doi.org/10.1186/s40168-018-0457-9
https://doi.org/10.1186/s40168-018-0457-9
https://doi.org/10.1111/1365-2745.13193
https://doi.org/10.1371/journal.pone.0206734
https://doi.org/10.1371/journal.pone.0206734
https://doi.org/10.1111/j.1462-2920.2011.02585.x
https://doi.org/10.3389/fmicb.2012.00417
https://doi.org/10.1111/j.1462-2920.2011.02546.x
https://doi.org/10.1111/j.1462-2920.2011.02546.x
https://doi.org/10.1111/j.1600-0706.2010.18663.x
https://doi.org/10.1111/gcb.12619
https://doi.org/10.1111/gcb.12619
https://doi.org/10.1099/00221287-147-1-3
https://doi.org/10.1099/00221287-147-1-3
https://doi.org/10.1038/nature07540
https://doi.org/10.3389/fmicb.2012.00292
https://doi.org/10.3389/fmicb.2012.00292
https://doi.org/10.1038/ismej.2017.66
https://doi.org/10.1038/ismej.2017.66
https://doi.org/10.1126/science.aad8745
https://doi.org/10.1126/science.aad8745
https://doi.org/10.1016/j.tree.2003.09.003
https://doi.org/10.1016/j.tree.2003.09.003
https://doi.org/10.1631/jzus.B0710626
https://doi.org/10.1038/ncomms14213
https://doi.org/10.1038/ncomms14213
https://doi.org/10.1111/j.1574-6976.2008.00123.x
https://doi.org/10.1111/j.1574-6976.2008.00123.x


     |  15019MORRISSEY Et al.

Zozaya- Valdes, E., Egan, S., & Thomas, T. (2015). A comprehensive 
analysis of the microbial communities of healthy and diseased 
marine macroalgae and the detection of known and potential 
bacterial pathogens. Frontiers in Microbiology, 6, 146. https://doi.
org/10.3389/fmicb.2015.00146

SUPPORTING INFORMATION
Additional supporting information may be found in the online version 
of the article at the publisher’s website.

How to cite this article: Morrissey, K. L., Iveša, L., Delva, S., 
D'Hondt, S., Willems, A., & De Clerck, O. (2021). Impacts of 
environmental stress on resistance and resilience of 
algal- associated bacterial communities. Ecology and Evolution, 
11, 15004– 15019. https://doi.org/10.1002/ece3.8184

https://doi.org/10.3389/fmicb.2015.00146
https://doi.org/10.3389/fmicb.2015.00146
https://doi.org/10.1002/ece3.8184

