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Abstract: The aim of the study was to explore the relationship between membrane-regulating
functional lipids of three fucacean species and their associated epiphytic bacterial communities. The
analyzed algae Treptacantha barbata, Carpodesmia crinita and Cystoseira compressa, formerly classified
under the Cystoseira genus, are indigenous to the Adriatic Sea. The thalli of sampled Fucales species
were divided into perennial and annual parts. T. barbata and C. crinita show high contents of mono-
and polyunsaturated fatty acids but, however, show a clear distinction between branches, cauloids and
apical parts. Along with the highest unsaturation degree (4.32), the C. crinita branches and apical parts
demonstrated high proportion of both C18 and C20 polyunsaturated fatty acids, with eicosapentaenoic
(C20:5 n-3) and arachidonic (C20:4 n-6) fatty acids up to 5.46% and 13.82%, respectively. The highest
proportion of saturated fatty acids was found in thalli of C. compressa, particularly on cauloids and
old branches (≥90%). The similarity profile routine analysis of fatty acids and microbial community
structure has shown clear separation of the cauloids and apical parts from the branches of C. crinita
and T. barbata. Based on the nonmetric multidimensional scaling analysis several representatives of
the Gammaproteobacteria class, identified as Vibrionales (Vibrio), Cellvibrionales and Xanthomonadales,
which contributed strongly to the separation of T. barbata apical parts and branches, C. compressa
receptacles and C. crinita branches from the T. barbata cauloids and C. crinita apical parts and cauloids.
The highest richness in polyunsaturated fatty acids, in particular C18:3(n-3), C20:4(n-6) and C20:5(n-3),
was observed on branches, accompanied by a distinctive epiphytic microbial structure dominated
by numerous representatives with potentially beneficial biological activity. The results showed a
strong relationship between fatty acid profiles of the analyzed species and phycosphere community
structure, underlining the host physiological condition in shaping the biological interactions and
maintaining a healthy microbiome, as well as compiling the ecophysiological and molecular research
in order to better assess the resilience of the ecosystem.
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1. Introduction

Brown macroalgae play a major ecological role in sustaining complex food webs and maintaining
high biodiversity in the Adriatic Sea [1]. Many of the species are protected under various EU
conventions and directives, and although dominant on coastal rocky substrates of the Adriatic, studies
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on their ecology are rare. Differences are noticed in the tolerance of diverse fucacean species to
pollution, attributing different resilience mechanisms to the brown algae. Because of the low recovering
capacity, fucacean species are considered good indicators of decreases in water quality, and of overall
threats to biodiversity, such as: habitat degradation, pollution, eutrophication and climate change [2,3].

Macroalgae interact with the surrounding environment through their surface, which is colonized
by epiphytic bacteria. These bacteria are characterized by abilities of fast colonization, quick metabolic
response to algal exudates and adaptation to environmental variations. One major role of the bacterial
epiphytic community on macroalgae surfaces is the regulation of further colonization by macrofoulers.
Previous studies have demonstrated that epiphytic bacteria on marine algae, in particular Fucales [4,5],
differ significantly from bacterial communities on abiotic surfaces and in the surrounding water [6]
and that the anti-fouling activity of secondary metabolites in macroalgae and their biofilms are species
specific [7]. These findings support the hypothesis that the brown algae use biochemical defense
mechanisms in control the fouling processes through the selection of beneficial bacteria in the biofilm,
however, there is still very little knowledge about the diversity, degree of host specificity, functional
role or the molecular mechanisms of host–microbe interactions in marine systems. A massive decline
of fucacean “Cystoseira” forests in the Mediterranean Sea has been noticed following eutrophycation
dynamics, with a very diverse species-specific recovery capacity [2,8,9]. Among the fucacean species
analyzed in the Adriatic, the highest quantitative and qualitative richness of epifloral as well as
epifaunal species is harbored by Cystoseira barbata, contrary to Cystoseira crinita (later renamed to
Treptacantha barbata and Carpodesmia crinita, respectively) and Cystoseira compressa [10]. In addition
to the species ecology and the vegetative cycling that significantly influence species resilience to the
climate and anthropogenic stress and recovery, positive species interactions in the phycosphere can act
as a first defense barrier against temperature rises, pH declines or pathogenicity [11,12].

Molecular mechanisms of biofilm formation and biofouling on macroalgae are mediated by
chemical compounds originating from the macroalgal extracellular matrix (proteins, glycoproteins,
nucleic acids, polysaccharides, lipids [13]). Most of the bioactive compounds obtained from red
and brown marine macroalgae (>1500), known as defensive metabolites against the settlement of
barnacles and diatoms [14], belong to the alkaloid and terpenoid subclasses of lipids. Fatty acids, as
the membrane constitutive molecules responsible for the control of the desired membrane fluidity,
play a key role in physiological adaptations to altered environmental conditions. In line with that, the
polyunsaturated fatty acids (PUFAs) are believed to play an important regulatory role in macroalgal
defense [15–17] and are expected to be negatively affected by climate change [18]. The initial recognition
of the pathogen in the phycosphere and immune signaling pathways that involve PUFAs and oxylipins
(e.g., stress hormones methyl-jasmonate, arachidonic acid, linolenic acid and prostaglandins) [18] can
also be compromised by temperature pressure. Since Cystoseira compressa and Treptacantha barbata
are known for richness of PUFAs [19], we hypothesize that PUFAs play a key role in the control of
phycosphere colonization and can serve as bioindicators of fucacean response to the disturbance in
microbial biofilms and an early sign of pathogenic process development.

Little is known about how the microbial community structure of macroalgal holobionts is affected
by its hosts’ physiological conditions, and in particular by the structural lipid composition. In this study,
the lipid composition and microbial phycosphere diversity of Treptacantha barbata, Carpodesmia crinita
and Cystoseira compressa were explored. The aim of the study was to explore the relationship between
the membrane-regulating functional lipids of the fucacean species and their associated epiphytic
bacterial communities. The epiphytic microflora of Adriatic indigenous algae was tentatively associated
with their biochemical richness. The obtained results significantly upgrade the existing datasets on
microbial biodiversity of the fucacean phycosphere and our knowledge about its relationship with the
membrane-regulating functional lipids involved in biochemical defense mechanisms.
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2. Materials and Methods

2.1. Biological Sampling

Three fucacean species (Fucales, Heterokontophyta): Treptacantha barbata, Carpodesmia crinita and
Cystoseira compressa, were sampled from April to May in coastal waters of Croatia in the northern
Adriatic Sea. Within each site, five thalli for each of the three species were randomly chosen and detached
from substrata by a hammer and chisel. Algae were washed with filtered (0.2 µm polycarbonate filter
membranes (PC), Whatman, Germany) and autoclaved seawater (FSW). Rinsed thalli were collected
into the sterile polyethylene bags and transported to the lab in cooling boxes. In the laboratory, each
sample was carefully sorted and cleaned of epiphytes, small invertebrates and sand particles. Thalli of
sampled fucacean species were divided into perennial parts (cauloid, apical parts) and annual parts
(branches, receptacles). Material for lipid analyses was dried, weighed, ground and stored at −80 ◦C
before analysis. Ten grams of fresh material for epiphytic bacterial DNA analysis was placed into
100 mL of FSW with the addition of 10 mM EDTA and processed as described by Burke et al. [20].

2.2. Lipid Content and Fatty Acid Composition of Fucales

A quantity of 2 g of dry Fucales material (in triplicates) was ground and extracted. Lipids were
extracted by ultrasonication with dichloromethane (DCM): methanol (MeOH) (2:1). The residue was
reextracted two to three times with DCM/MeOH (2:1). Combined extracts were filtered and mixed
with DCM and deH2O for phase separation. The DCM phases were purified by adding NaCl into
solution and then evaporated to dryness using rotary evaporation at 30 ◦C [21] and the total lipid
content was determined gravimetrically.

For fatty acid methyl esters (FAMEs), determination lipid extracts were saponified following
the addition of 1.2 M NaOH in 50% aqueous methanol solution. The tubes were placed in a boiling
water bath for 30 min. After cooling, the saponificate was acidified with 6 M HCl (pH-2), and 12% BF3

in methanol was added and heated for 10 min in a boiling water bath. After cooling, FAMEs were
extracted in DCM and analyzed by gas-liquid chromatography (GC/MS) on a 6890N Network GC System
(Wilmington, DE, USA) equipped with a 5973 Network Mass Selective Detector (Wilmington, DE, USA)
with a capillary column (30 m × 0.25 mm × 0.25 µm; cross linked 5% phenyl-methyl-polysiloxane) and
ultra-high purity helium as the carrier gas. The GC/MS settings were as follows: programmed column
temperature 145 ◦C by 4 ◦C/min up to 270 ◦C and constant column pressure 2.17 kPa. Retention times,
peak areas and mass spectra were recorded on ChemStation (Palo Alto, CA, USA) software. FAMEs
in algae samples were identified by mass spectral data and a family plot of equivalent chain length
(ECL) data for GC standards for the GC column used. Fatty acid methyl ester mix C18-C20, C4-C24,
bacterial fatty acid (BAME) mix, polyunsaturated fatty acid standards (PUFA1 and PUFA3; Supelco,
Bellefonte, PA, USA), cod liver oil and various individual pure standards of fatty acid methyl esters
(Sigma, Steinheim, Germany) were used.

2.3. Bacterial Identification and Phycosphere Community Structure Determination

Extraction of microbial community DNA from detached biofilm material was performed with the
Powerfilm DNA Extraction Kit (MoBio, USA) following the manufacturer’s instructions. The DNA
was dissolved in Tris-EDTA (TE) buffer and stored at −20 ◦C for later analysis. The integrity of the
DNA was assessed by electrophoresis in 1% agarose gels and viewed with a UV transilluminator. The
concentration and purity of the DNA were determined by measuring absorbance at a 260/280 nm ratio
using a NanoDrop. The DNA was later used as a template for PCR.

For the phycosphere microbial community genome determination, the bacterial V3-V4 16S rRNA
region was amplified using bacterial primers S-D-Bact-0341-b-S-17 (5′-CCTACGGGNGGCWGCAG-3′)
and S-D-Bact-0785-a-A-21 (5′-GACTACHVGGGTA TCTAATCC-3′) [22] in four parallel reactions. Each
25 µL PCR reaction contained: 1× DreamTaq Green PCR Master Mix (ThermoFisher Scientific, USA),
0.5 µM of forward and reverse primers and 10 ng of DNA template. The PCR amplification conditions
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were: 5 min initial denaturation at 95 ◦C, 30 cycles of 40 s denaturation at 95 ◦C, 2 min annealing at 55
◦C and 1 min elongation at 72 ◦C, finalized by 10 min at 72 ◦C. After pooling of the replicate reactions,
PCR products were purified using Wizard SV Gel and PCR Clean-Up System (Promega, Madison,
WI, USA) and sent for sequencing on the Illumina MiSeq platform (2 × 250 bp paired end) at IMGM
Laboratories (Martinsried, Bavaria, Germany).

The forward and reverse sequences contained in fastq files were assembled using the Mothur
command make.contigs and split into sample-specific fasta files using the Mothur command
split.groups [23]. Multifasta files were processed by 131 the SILVAngs 1.3 pipeline (https:
//www.arb-silva.de/ngs) [24] as described in Ionescu et al. (2012) [25]. Briefly, sequences were aligned
against the SILVA SSU rRNA SEED using the SILVA Incremental Aligner (SINA). Sequences shorter than
50 aligned nucleotides, with more than 2% ambiguities or 2% homopolymers, were removed. Putative
contaminations and artefacts and reads with a low alignment quality (50 alignment identity, 40 alignment
score reported by SINA) were excluded from downstream analysis. Identical sequences were identified
(dereplication) and the unique sequences were clustered (operational taxonomic units (OTUs)) at 97%
sequence identity using cd-hit-est (version 3.1.2; http://www.bioinformatics.org/cd-hit) [26] running
in accurate mode and ignoring overhangs. The representative OTU sequence was classified against
the SILVA SSU Ref dataset (release 123.1; http://www.arb-silva.de) using blastn (version 2.2.30+;
http://blast.ncbi.nlm.nih.gov/Blast.cgi) with standard settings [27].

2.4. Statistical Analysis

The similarity profile routine (SIMPROF) analysis combined with Bray–Curtis similarity analysis
was used to determine differences among the samples and groups at the p < 0.05 significance level.
The SIMPROF was run over both FAME and bacterial community data. Nonmetric multidimensional
scaling (nMDS) was used to determine differences in the fucacean phycosphere on the basis of the
microbial community structure, and to assess the contribution of relevant FAME biomarkers to the
variance among the thalli parts of three fucacean species from the northern Adriatic. The nMDS
analyses were based on correlation matrices constructed using FA profiles and relevant ratios and
bacterial OTU abundance (> 50 sequences) involving normalization of all variables due to their different
scales. Biomarker lipids used in nMDS were the proportion of mono- and polyunsaturated fatty acids
(MUFAs, PUFAs), ratio between n-6 and n-3 PUFAs, unsaturation index (UND) and bacterial FA.
All statistical analyses were performed using the software Primer 7 (PRIMER-E Ltd, Devon, UK).

3. Results

3.1. Lipid Composition and Fatty Acid Profile of the Fucales Thalli

The FAME profiles of three Fucales species divided into perennial and annual thalli parts are
presented in Tables 1–3. The results revealed profiles containing C14–C24 fatty acids, corresponding to
the data reported by other authors for brown algae [28,29]. The fatty acid composition of T. barbata and
C. crinita was dominated by C16:0, C18:1 and C20:4 fatty acids, whereas the C. compressa profile was
dominated by C14:0, C16:0 and C18:0. Both T. barbata and C. crinita showed high contents of mono- and
polyunsaturated FAs but showed a clear distinction between branches, cauloids and apical parts. The
highest saturation among T. barbata and C. crinita was noticed in branches, reaching 50.58% and 52.37%,
respectively. Both cauloids and apical parts of T. barbata and C. crinita harbor higher proportions of
MUFAs and PUFAs, with a consequently very high unsaturation index (UND), reaching a maximum
of 4.32 in C. crinita apical parts. Along with the highest unsaturation degree, the C. crinita branches
and apical parts demonstrated high proportions of both C18 and C20 PUFAs, with docosapentaenoic
(EPA, C20:5 n-3) and arachidonic (ARA, C20:4 n-6) fatty acid up to 5.46% and 13.82%, respectively. The
highest proportion of saturated fatty acids (SFAs) was found in thalli of C. compressa, particularly in
cauloids and old branches (≥90%). The profiles of C. compressa were dominated by C14:0, C16:0 and
C18:0. Higher saturation was observed in the cauloids, along with the highest proportion of bacterial
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fatty acids (2.82), whereas the highest unsaturation was observed on the receptacles (1.67), along with
the lowest proportion of bacterial FAs (1.40). The proportions of bacterial fatty acids were small in
most of the samples (1.30–1.81), however, C. crinita branches and apical parts and C. compressa cauloids
demonstrated a bacterial FA proportion > 2.3.

Table 1. Total lipid content (mg/g d.w.) and fatty acid profiles (%) of Carpodesmia crinita
cauloids, branches, apical parts and receptacles (SFA—sum of saturated fatty acids, MUFA—sum of
monounsaturated fatty acids, PUFA—sum of polyunsaturated fatty acids, UND—unsaturation indeks,
AV—average value, sd—standard deviation, d.w. – dry weight).

Carpodesmia crinita

Fatty Acid Methyl Ester Cauloid Branches Apical Parts

AV ± sd AV ± sd AV ± sd

C14:1 - - - - - -
C14:0 16.73 0.05 8.97 2.74 8.56 0.78
C15:0 iso 0.11 0.17 0.32 0.07 0.34 0.12
C15:0 ante 0.10
C15:0 0.79 0.09 1.00 0.16 0.75 0.01
C16:1 5.03 1.10 3.63 0.28 3.03 0.31
C16:0 24.75 0.42 35.90 9.25 23.37 9.91
C17:0 iso - - 0.22 - 0.31 0.12
C17:0 ante - - 0.09 - 0.05 -
C17:1 0.14 0.11 0.19 0.07 0.54 0.66
C17:0 0.38 0.13 0.47 0.07 0.53 0.21
C18:3(n-3) 0.48 0.36 2.70 2.20 3.53 1.07
C18:2(n-6) 0.74 0.56 6.62 9.53 2.20 1.29
C18:1 30.40 3.23 14.08 12.13 22.58 4.95
C18:0 1.85 0.78 3.66 0.81 3.75 3.55
C20:4(n-6) 8.38 1.46 8.51 3.98 13.82 5.57
C20:5(n-3) 2.00 0.60 5.46 3.63 5.39 2.17
C20:3(n-3) 2.83 0.78 1.88 1.01 3.25 1.58
C20:2(n-6) 0.66 0.29 0.45 0.04 0.74 0.11
C20:1 0.09 0.14 0.03 0.05 0.29 0.15
C20:0 1.38 1.28 1.01 0.48 0.95 0.39
C22:4(n-6) - - - - 0.09 -
C22:6(n-3) - - 0.13 0.20 0.27 0.37
C22:4(n-3) 0.09 - - - 0.10 0.09
C22:2(n-6) - - - - 0.10 -
C22:1 0.32 0.49 - - - -
C22:0 0.22 0.28 0.64 0.22 0.54 0.33

SFA 46.21 0.52 52.37 13.66 39.14 12.41
MUFA 35.99 3.59 17.93 11.74 26.44 4.45
PUFA 15.18 4.04 25.75 1.52 29.49 9.67
Bacterial 1.42 0.27 2.38 0.23 2.52 1.11
n-6/n-3 3.34 - 2.67 1.74 1.91 0.26
UND 2.73 0.19 2.92 2.22 4.32 2.93

Total lipids (mg/g d.w.) 11.60 2.03 10.49 1.90 10.22 3.20
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Table 2. Total lipid content (mg/g d.w.) and fatty acid profiles (%) of Treptacantha barbata, branches,
apical parts and receptacles

Treptacantha barbata

Fatty Acid Methyl Ester Cauloid Branches Apical Parts

AV ± sd AV ± sd AV ± sd

C14:1 - - - - - -
C14:0 9.44 2.49 6.98 0.68 8.80 1.70
C15:0 iso 0.07 0.07 0.11 0.15 0.16 0.05
C15:0 ante 0.02 0.03 - - - -
C15:0 0.75 0.29 0.76 0.21 0.54 0.13
C16:1 2.39 0.39 2.25 0.30 1.47 0.46
C16:0 32.01 10.35 39.82 1.91 29.36 4.89
C17:0 iso 0.14 0.13 - - - -
C17:0 ante 0.03 0.03 - - - -
C17:1 0.19 0.10 0.59 0.49 0.35 0.18
C17:0 0.39 0.18 0.21 0.14 0.25 0.08
C18:3(n-3) 0.72 0.48 1.61 0.22 1.19 0.79
C18:2(n-6) 1.96 2.20 2.84 0.82 0.93 0.48
C18:1 25.25 11.11 22.75 2.67 25.12 9.16
C18:0 2.21 1.07 1.60 0.36 1.05 0.29
C20:4(n-6) 7.92 4.54 7.33 0.54 9.13 5.51
C20:5(n-3) 1.53 1.53 3.45 1.01 1.79 1.19
C20:3(n-3) 2.32 1.88 1.08 0.72 1.85 0.94
C20:2(n-6) 0.69 0.35 0.67 0.17 0.67 0.28
C20:1 - - - - 0.17 0.05
C20:0 0.75 0.24 0.82 0.28 0.65 0.34
C22:4(n-6) - - - - - -
C22:6(n-3) - - - - - -
C22:4(n-3) 0.03 0.05 - - - -
C22:2(n-6) - - - - - -
C22:1 - - - - - -
C22:0 0.43 0.14 0.29 0.19 0.19 0.06

SFA 46.23 11.09 50.58 3.18 41.00 7.52
MUFA 27.83 11.57 25.59 2.60 27.11 9.69
PUFA 15.17 6.60 16.98 0.99 15.57 9.20
Bacterial 1.59 0.44 1.67 0.49 1.30 0.26
n-6/n-3 2.21 0.19 2.06 0.75 2.47 0.37
UND 2.04 1.19 1.74 0.19 2.37 1.35

Total lipids (mg/g d.w.) 6.31 0.42 7.23 1.35 7.49 2.59

The SIMPROF analysis of the FAME profiles revealed three significantly different (p < 0.05) groups
of samples (A, B and C). Two groups, B branches of C. crinita and T. barbata and receptacles of C.
compressa and C cauloids and apical parts of C. crinita and T. barbata shared 75% similarity at the group
level (Figure 1). Group A (cauloids and branches of C. compressa) showed the most distinctive FAME
profile, sharing 42% similarity with groups B and C. Group A represents the old thallus of C. compressa,
divided into cauloids and old branches. Group B, comprising the branches and receptacles of all three
species, represents the new part of the thallus that grows fresh every year. The old parts of thalli
enabling C. crinita and T. barbata perennial growth for decades, are clustered in group C (cauloids and
apical parts).
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Table 3. Total lipid content (mg/g d.w.) and fatty acid profiles (%) of Cystoseira compressa branches,
apical parts and receptacles

Cystoseira compressa

Fatty Acid Methyl Ester Cauloid Old Branches Receptacle

AV ± sd AV ± sd AV ± sd

C14:1 0.28 0.41 0.25 0.38
C14:0 11.92 0.99 9.50 3.78 6.57 2.90
C15:0 iso 0.20 0.20
C15:0 ante
C15:0 1.58 1.06 0.90 0.20 0.59 0.05
C16:1 0.33 0.44 1.85 1.33 3.33 1.69
C16:0 65.81 6.68 71.39 3.35 48.41 17.13
C17:0 iso
C17:0 ante
C17:1 0.11 0.11 0.56 0.45
C17:0 1.24 0.82 0.60 0.15 0.25 0.17
C18:3(n-3) 1.07 1.07
C18:2(n-6) 0.08 0.12 3.39 3.07
C18:1 0.17 0.22 3.08 1.38 16.76 5.51
C18:0 16.26 3.66 4.62 1.88 2.70 0.86
C20:4(n-6) 5.85 4.73
C20:5(n-3) 2.82 1.64
C20:3(n-3) 1.75 1.82
C20:2(n-6) 0.81 0.53
C20:1 0.32 0.41 0.04 0.05
C20:0 1.44 0.96 1.79 0.02 1.61 0.87
C22:4(n-6)
C22:6(n-3)
C22:4(n-3) 0.05 0.07
C22:2(n-6)
C22:1 0.09 0.14
C22:0 1.20 0.80 0.96 0.13 0.63 0.20

SFA 99.45 0.73 89.95 334.00 60.75 15.93
MUFA 0.50 0.67 5.72 3.16 20.93 5.43
PUFA 0.08 0.12 15.75 10.70
Bacterial 2.82 1.88 1.81 0.43 1.40 0.63
n-6/n-3 2.25 0.69
UND 0.01 0.01 0.07 0.04 1.67 1.24

Total lipids (mg/g d.w.) 6.98 0.98 9.48 0.38 7.60 2.73

3.2. Bacterial Community Structure of the Fucacean Phycosphere

Phylogenetic analysis of the bacterial community was performed on the selected thalli harboring
high biochemical richness of mono- and polyunsaturated fatty acids. Contrary to C. crinita and T.
barbata (Table 3 and Figure 1), cauloids and branches of C. compressa had FAME profiles with > 90%
saturated FAs, and therefore were excluded from the analysis of the phycosphere microbial structure
and multidimensional comparison of biomarker FAs and epiphytic communities. Phylogenetic
classification of T. barbata (cauloids, branches and apical parts), C. crinita (cauloids, branches and apical
parts) and C. compressa (receptacles) revealed 48 bacterial phyla distributed across the samples.
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Figure 1. Dendrogram derived from hierarchical agglomerative clustering with group average linkage
from Bray–Curtis similarities calculated from FAME proportions and ratios for each species and
thallus parts averaged across replicates. Solid lines indicate significantly different samples and groups
of samples (p < 0.05) and dashed lines indicate groups of samples for which the null hypothesis
could not be rejected (p > 0.05), as identified by type 1 similarity profile routine (SIMPROF). C.
crinita apical parts—CRI_ap, C. crinita branches—CRI_br, C. crinita cauloids—CRI_caul, T. barbata
apical parts—BAR_ap, T. barbata branches—BAR_br, T. barbata cauloids—BAR_caul, C. compressa
receptacles—COM_rec, C. compressa branches—COM_br, C. compressa cauloids—COM_caul. (Group
A:COM_caul, COM_br; group B: CRI_br, Bar_br, COM_rec; Group C: BARB_ap, CRI_caul, BARB_caul,
CRI_ap)

Overall, 1406 OTUs were identified across all the samples based on the SILVA rRNA gene database
at the cut-off level of 97%. Among all analyzed samples, T. barbata cauloids harbored the highest number
of unique OTUs (923), while the lowest number of OTUs was recorded in C. crinita cauloids (664). The
branches of both T. barbata and C. crinita showed a similar number of OTUs (886 and 897, respectively),
whereas C. compressa receptacles, along with the aerocysts, harbored a higher number of OTUs (916)
than the apical parts of T. barbata and C. crinita (764 and 838, respectively). The distribution of the
bacterial classes in the phycosphere is presented in the shade plot (Figure 2). The three most dominant
classes of heterotrophic bacteria in the biofilm of all samples were Alphaproteobacteria (27.80–46.12%),
Gammaproteobacteria (10.71–29.93%) and Bacteroidetes (9.88–15.46%). Other major phyla, including
Cyanobacteria (1.53–22.44%), Planctomycetes (0.77–6.58%), Verrucomicrobia (0.90–2.76%) and Actinobacteria
(0.13–0.90%), were also identified among all samples.
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Figure 2. Shade plot of the relative abundance of classes or families represented by > 50 operational
taxonomic units (OTUs) per sample, in microbial phycosphere samples of C. crinita and T. barbata
(cauloids, branches, apical parts) and C. compressa (receptacles).

The relative abundance of bacterial classes or families is presented in Figure 2. The highest
abundances are observed for Alphaproteobacteria, in particular in C. crinita cauloids and T. barbata apical
parts. Dominant representatives among Alphaproteobacteria were Hyphomonadaceae, Rhodobacteraceae,
Rhizobiales, Rhodospirilaceae and Rickettsiales, followed by small proportions of the SAR11 clade,
Sphingomonadales and Rhodospirilales. A substantial number of the Cytophaga–Flavobacter–Bacteroidetes
cluster is recorded in all samples. Among Gammaproteobacteria, the most taxonomically numerous
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group, abundant representatives were Vibrionaceae, Ocenospirilaceae, Halieaceae, Pseudoaltermonodaceae,
Thiotrichaceae and Alteromonadaceae.

The SIMPROF analysis was performed over taxa to determine the community structure
resemblance between the samples (Figure 3). The cluster analysis revealed two groups distinct
at the 82% level.

Figure 3. Dendrogram derived by hierarchical agglomerative clustering with the group average from
Bray–Curtis similarities calculated from OTU data obtained by Illumina sequencing of the epiphytic
bacterial community genome. Solid lines indicate significantly different samples and groups of samples
(p < 0.05) and dashed lines indicate groups of samples for which the null hypothesis could not be
rejected (p > 0.05), as identified by type 1 SIMPROF.(Group A:CRI_br, COM_rec, BARB_ap, BARB_br;
Group B: CRI_caul, BARB_caul, CRI_ap)

Based on the whole bacterial community structure, the highest resemblance was found among
apical parts and branches of T. barbata, receptacles of C. compressa and branches of C. crinita (group
A) with 88% similarity at the group level. The second group (B) showed resemblance between the C.
crinita and T. barbata cauloids and C. crinita apical parts.

To determine the relevance of bacterial taxa predominantly contributing to the difference among the
groups and relative impact of the FA biomarkers on community structure, nonmetric multidimensional
scaling analysis (nMDS) was performed (Figure 4). The result from the microbial community data
(Figure 4a) revealed that the relative abundance of 13 dominant microbial taxa and/or families is closely
linked to the two clearly separated groups. The taxonomic distribution of bacterial communities is
distinct for each group (Figure 2). In correspondence to the SIMPROF analysis, one group in the nMDS
plot comprises communities from the branches of C crinita and T. barbata and receptacles of C. compressa,
as well as apical parts of T. barbata. This group is clearly distinct from the T. barbata cauloids and C.
crinita apical parts and cauloids. The factors significantly contributing to the difference are dominant
representatives of Alphaproteobacteria belonging to the classes Rhodospirillaceae and Rhodobacteriaceae.
Representatives of the Gammaproteobacteria class, identified as Vibrionaceae (most dominant species:
Vibrio), contributed strongly to the separation of T. barbata apical parts, whereas C. compressa receptacles
were characterized and separated by the abundance of Planctomycetes, Xantomonadales and Halieaceae.
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Figure 4. Nonmetric multidimensional scaling analysis using pairwise Bray–Curtis similarity values
estimated from (a) OTU sequence abundance datasets and (b) fatty acid biomarkers. Group average
similarity values of clusters with significant differences, indicated by CLUSTER analysis (p < 0.05 by
the SIMPROF test), were overlaid on the nonmetric multidimensional scaling (nMDS) plot.

The nMDS analysis based on a Bray–Curtis dissimilarity matrix revealed significant (p < 0.05)
differences between branches and receptacles, on one side, and cauloids and apical parts, on the other
side, at the level of biomarker fatty acids (Figure 4b). The similarity between branches and receptacles
is determined by the relative proportions of C18 and C20 PUFAs, SFAs, MUFAs and detrital fatty acids,
and the n-6/n-3 ratio (Table 1). Apical parts and cauloids were significantly (p < 0.05) distinctive from
branches, and showed separation due to the fatty acid markers C20:4(n-6) and C20:3(n-3) PUFAs. The
PUFA dominance was pronounced in C. crinita apical parts, with a shift towards monounsaturated
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fatty acids present in C. crinita and T. barbata cauloids and apical parts. Based on unsaturated chemical
bond proportions and ratios, as well as detrital FAs as physiological indicators, most of the cases were
grouped according to a similar pattern as well as by epiphytic microbial communities (Figure 4a).

4. Discussion

It is well known that macroalgae harbor diverse epiphytic microflora that play a significant
role in their morphological development and defense mechanisms [30]. In the past few
decades, seaweed-associated epiphytic bacterial communities have been significantly explored using
culture-dependent studies and community fingerprinting techniques, however, such studies are
rare in the Adriatic. Rocky intertidal areas of the northern Adriatic, a habitat of high trophic and
morphological heterogeneity, has recently experienced a decline in seaweed populations, in particular,
fucacean species in the eastern Adriatic coastal zone [2]. Plausible explanations given by Duarte et
al. [18] relate lipid biochemistry and physiological limitations to the ability of macroalgae to adapt
to the changing stress conditions and to withstand biotic interactions, such as grazing pressure and
microbial colonization. To our knowledge, this is the first study applying next generation sequencing to
reveal the relationship between phycosphere prokaryotic community structure and lipid composition
specificity of fucacean species from the northern Adriatic in order to address the potential role of
microbial community colonization of the phycosphere in bioactive responses to anthropogenic and
climate stress.

One of the well-known biochemical specificities of brown algae is their richness in polyunsaturated
fatty acids [31], generally declining with an increase in the habitat temperature. Our findings revealed
that fatty acid saturation is not only related to the temperature conditions during growth, but also
depends on the functional role of the particular vegetative part of the algal thallus. While the slow
growing species Treptacantha barbata and Carpodesmia crinita demonstrated high unsaturation in all
the thalli parts (>49% unsaturated FAs), the old thallus of Cystoseira compressa is characterized by a
very low unsaturation index and elevated proportion of bacterial fatty acids compared to the same
thalli parts of the former. The FAME distinction found between C. compressa cauloids/branches and
receptacles is in accordance with species morphology, being significantly different from T. barbata and C.
crinita species. Due to the morphological characteristics of this species and its related ecophysiological
features, the highest biochemical richness of the lipid profile is linked to the receptacles. In addition
to the high richness in PUFAs (>25%), the phycosphere of Carpodesmia crinita branches and apical
parts offers favorable environmental conditions for bacterial growth, derived from the bacterial FA >

2.3 [32]. Branches of C. crinita and T. barbata clustered statistically very close based on both biochemical
and microbial community analysis. Sharing similar FA markers and similar phycosphere bacteria
structure indicates their functional relationship. The colonization of C. crinita and its differentiation
from Treptacantha barbata is mostly derived from the abundant presence of Alphaproteobacteria in
phycosphere, in particular of the Rhodobacteraceae family, known as key players in biogeochemical
cycling in marine environments [33]. They are also known as pioneers of biofilm formation in marine
environments [34]. The good physiological condition of the sampled C. crinita and richness of the FA
profile indicate a mutualistic/symbiotic relationship between the alga and its phycosphere-associated
microbiota. Carpodesmia crinita and Treptacantha barbata apical parts and cauloids showed the highest
similarity with respect to the bacterial community structure, corresponding to their similar propagation
dynamics and ecology. The same samples clustered closest according to the FAME proportions as well,
indicating relatedness of the physiological condition to the epiphytic bacterial community composition.
The clear separation of branches and receptacles as old perennial parts of thallus, from the cauloids
and apical parts as part of the thallus that is young and renewed every year, indicates the strong
relationship between the physiological status of the thallus and the epiphytic bacterial structure of the
phycosphere. The branches are characterized by elevated proportions of EPA, ARA and C18:3n-3 and
C18:2, suggesting their role in bacterial colonization of the phycosphere.
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In all three species of studied algae, we found some bacterial families known for representatives
associated with different functions in algae ecophysiology: Alteromonadaceae, Flavobacteriaceae,
Rhodobacteraceae, Xanthomonadaceae (associated with antimicrobial activity), Vibrionaceae, Rhodospirillaceae
and Saprospiraceae (associated with pathogenic activity) [35]. Richness in n-3 PUFAs, in particular
C18:3(n-3) and C20:5(n-3) recorded in C. crinita and C. barbata branches, is related to a high diversity of
Alphaproteobacteria and Bacteroidetes (family Flavobacteriacea). Polyunsaturated fatty acids, in particular
n-3, derived from marine algae, are reported to have toxic activity against some phytoplankton
species [36]. The increased abundance of Rhodobacteriaceae bacteria within the phycosphere potentially
assists the digestion of extracellular polysaccharides released by algae and, at the same time, provides
more efficient nutrient uptake through the remineralization of the organic matter in the surrounding
water. Moreover, it is plausible that PUFAs originating from macroalgae, in particular in the
most exposed young and fast-growing parts, participate in microbial quorum sensing (QS) in the
phycosphere, directing the colonization towards Rhodobacteraceae and other n-acyl-homoserine-lactone
(AHL)-producing or LuxR orphan QS bacteria [37]. Such a biochemical defense mechanism is very
important against colonization by undesired toxic flagellates or diatoms, and can be useful in the
mitigation of harmful algae from aquaculture, urban and recreational sites. However, Mancuso et
al. [38] and some other authors [39,40] have recorded the increase in abundances in Rhodobacteriaceae
representatives in bleached parts of some red and brown seaweed, suggesting the possibility of a
negative impact in terms of climate change and of the recent records of Cystoseira habitat decline [2,41].
The pronounced effect on microbial community structure is revealed in the T. barbata apical parts
and cauloids and C. compressa receptacles due to differences in the presence of Gammaproteobacteria
belonging to the Vibrio genus, as well as Cytophagales and Cellvibrionales, along with monounsaturated
fatty acids. There are conflicting reports as to whether the role of epiphytic Vibrio spp. in brown
seaweed is beneficial or detrimental [30,42]. Although the overall physiological condition of the
algae in our study derived from fatty acid profiling, as well as the personal in situ observation,
indicate healthy maximum growth conditions at the moment of sampling, the potential detrimental
role of the present Vibrio species cannot be excluded. This raises the importance of marine bacterial
functional analyses in the biotechnological exploration of bioactive molecule production, such as
AHLs, polysaccharide-degrading enzymes, antibiotics and their application in biofuel production [43],
antibiotic resistance mitigation or protection against fouling.

5. Conclusions

The fucacean species studied, formerly classified as Cystoseira and recently renamed as C. crinita,
T. barbata and C. compressa, represent the most complex and stable autotrophic communities of the
shallow coastal fringe in the Eastern Mediterranean. As habitat-forming species, they play a key role in
sustaining biodiversity and ecosystem functioning. The results showed a strong relationship between
fatty acid profiles of the analyzed species and phycosphere community structure. The highest richness
in polyunsaturated fatty acids, in particular C18:3(n-3), C20:4(n-6) and C20:5(n-3), was observed in
branches of T. barbta and C. crinita, accompanied by a distinctive epiphytic microbial structure dominated
by numerous representatives with potentially beneficial biological activity. In harsh environments
and under stress conditions, such as the ones caused by climate change, the mutualistic relationships
among the phycosphere community and the host are of great significance for the amelioration of
physical stress. However, the bacteria identified as functionally important colonizers of the Adriatic
fucacean species bear both beneficial and potentially detrimental characteristics. Therefore, this study
underlines the importance of the host’s physiological condition in shaping the biological interactions
and maintaining a healthy microbiome, as well as compiling the ecophysiological and molecular
research in order to better assess the resilience of the ecosystem.
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