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Caulerpa is a genus of green macroalgae that lives in tropical and subtropical
coastal waters. It is an intriguing organism because, despite having plant-like
structures, it is one giant cell — which, next to multiple nuclei, chloroplasts, and
mitochondria, also contains endo- and epiphytic bacteria. The role of these
bacteria is unknown, but they might impact the growth and development of the
host, adaptation to environmental parameters, and, hence, the ecological success
of these algae. We hypothesised that increased sulphide concentrations would
trigger a significant shift in the microbial community composition associated with
C. prolifera rhizoids, favouring sulphide-oxidizing bacteria. To test this hypothesis,
we conducted a mesocosm experiment incubating C. prolifera in sediments with
different sulphide concentrations and analysed the algal photosynthesis, growth,
and microbiome composition. While photosynthesis was not affected, the
Caulerpa weight-based growth rate decreased linearly with increasing sulphide
concentration. To analyse the microbiome, we extracted DNA and RNA from the
fronds, rhizoids, and the accompanying sediments and performed 16S amplicon
sequencing. The microbiome of the fronds was unaffected in both the DNA and
RNA samples. However, an increase in sulphide concentration coincided with a
decrease in the relative abundance of sulphate-reducing bacteria associated with
Caulerpa rhizoids, particularly from the family Desulfocapsaceae. In the RNA
samples, potential sulphide oxidisers of the rhizoid-associated members of the
Beggiatoaceae were detected. Our results suggest that the rhizobiome of
Caulerpa plays a significant role in its adaptation to sulphide-rich environments,
offering new insights into the complex interactions within marine holobionts.
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1 Introduction

The ocean holds a vast sulphur reservoir with sulphate
concentrations around 28 mM (Wasmund et al., 2017). Sulphate-
reducing bacteria utilize this sulphate as a terminal electron
acceptor to degrade organic matter, producing sulphide (Kasten
and Jorgensen, 2000). These microorganisms facilitate up to 29% of
organic matter degradation at the seafloor, playing a particularly
crucial role in areas rich in organic material (Wasmund et al., 2017).
Marine sediments are, therefore, often rich in hydrogen sulphide, a
toxic gas that primarily affects mitochondria via inhibition of the
cytochrome c oxidase (Paul et al.,, 2021). In seagrasses (Dooley et al.,
2013) and cyanobacteria (Oren et al., 1979), sulphide has been
shown to affect the photosynthetic activity and shut down
photosystem II, and other studies suggest that these effects are
consistent with those in land plants (Gupta et al., 2014; Rolando
et al., 2022). Sulphide can also increase free radical production,
causing oxidative stress (Joyner-Matos et al., 2006).

Benthic marine organisms, therefore, often need to cope with
increased sulphide levels, and various adaptations have evolved to
overcome this stress. Invertebrates, for example, have a sulphide-
insensitive cytochrome c¢ oxidase or recruit sulphide-oxidizing
bacteria (Grieshaber and Volkel, 1998). Deep-sea clams and
worms often harbour sulphide-oxidizing bacteria in their tissues
that obtain energy from sulphide oxidation (Sogin et al., 2020).
Saltmarsh plants that are known to occupy areas with high rates of
sulphate reduction (Bahr et al., 2005) can harbour sulphide-
oxidizing bacteria in their rhizosphere, especially under elevated
sulphide concentrations (Rolando et al., 2022) and employ oxygen
transport through aerenchyma to aerate the rhizosphere both for
chemical oxidation (Maricle and Lee, 2007) and to provide
beneficial conditions for sulphide oxidising bacteria (Martin et al.,
2019). Seagrasses - marine flowering plants whose distribution is
restricted by high sulphide concentrations (Terrados et al., 1999;
Dooley et al., 2013) employ similar mechanisms. A recent study on
seagrasses (Crump et al., 2018) showed the presence of sulphate-
reducing and sulphide-oxidizing bacteria associated with the roots
and the expression of genes involved in these processes. Hence,
microbial sulphur oxidation is an important mechanism for
detoxifying hydrogen sulphide for many marine organisms.

While sulphide toxicity can be lethal and inhibiting for many
organisms, others do well in sulphide-rich environments. Caulerpa
prolifera, for example - a green unicellular macroalga that
morphologically resembles a multicellular organism with rhizoids
(‘roots’) and fronds (‘leaves’) is highly sulphide tolerant (Holmer
et al., 2009). It harbours endo- and epiphytic bacteria and is
regarded as a holobiont (Aires et al., 2013, 2015; Morrissey et al.,
2019). The role of these bacteria is unknown, but they might play a
role in the adaptation to environmental conditions. C. prolifera is
native to Mediterranean areas and was introduced to the Portuguese
South coast in the 19th century (Cunha et al., 2013). For 60 years, it
remained undetected and was thought to be extinct; however, in the
past ten years, it has started to spread across the Ria Formosa lagoon
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in the Algarve. Although it is not considered invasive, it can be
opportunistic (Parreira et al., 2021); it is often found in sulphide-
rich sediments and is known for its fast and efficient nutrient uptake
(Bernardeau-Esteller et al.,, 2023) and for its ability to change the
composition and biochemistry of the sediments by increasing
sediment organic content and inducing sulphate reduction
(Holmer et al,, 2009). In this respect, it might outcompete other
macrophytes, like seagrasses.

While C. prolifera is associated with high sulphide concentrations
(Holmer et al., 2009), the effect of sulphide on the alga is unknown. In
the present study, we assessed the impact of sulphide on the growth
and photosynthesis of the alga and its microbiome. As microbial
oxidation of sulphide is a known mechanism to combat sulphide
toxicity in other marine organisms (Grieshaber and Vélkel, 1998; Sogin
et al,, 2020; Rolando et al,, 2022; Crump et al., 2018), we hypothesised
that changes in the microbiome associated with C. prolifera rhizoids,
known as the ‘rhizobiome,” would promote sulphide-oxidizing bacteria
in response to increased sulphide concentrations.

2 Materials and methods

2.1 Sulphide concentrations in
natural sediments

To determine the sulphide concentration in the natural
sediments, we sampled the pore water from four types of
sediments in the Ria Formosa (Faro, Portugal): (i) bare
sediments, (i) sediments with Caulerpa prolifera, (iii) sediments
with the seagrass Cymodocea nodosa, and (iv) sediments with a
mixture of C. prolifera and C. nodosa. We sampled three locations
for each sediment type and took four or five samples from each
location, i.e., 14-15 samples per sediment type (Supplementary
Table S1). The water samples were directly mixed with a 10% (w/
v) zinc acetate solution to fix the sulphide. Subsequently, the
sulphide concentration was measured using the methylene blue
method (Triiper and Schlegel, 1964), and the significance of the
results was analysed using nested ANOVA.

2.2 Set-up of the mesocosm experiments

The mesocosm experiments were performed at the Ramalhete
Marine Station of the Centre for Marine Sciences (CCMAR) in Faro
(Portugal) in August and September 2020. Caulerpa prolifera
specimens maintained in an outdoor tank at the station were
collected and incubated in 5 L PET bottles (“mesocosm”) filled
with 500 ml 0.7% (w/v) agar containing 0 pM (control), 100 uM
(low), 150 uM (medium), 300 uM (high), or 1000 uM (very high)
sodium sulphide (Figure 1). These concentrations were chosen based
on previous values recorded in areas with declining seagrass
populations (Dooley et al., 2013). The mesocosms were then filled
with sediments taken from a local marine pond. The sediment was
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Mesocosm experiment set up: mesocosms with four sulphide
concentrations of the agar plug (white) and the control (O pM), with
sediments and Caulerpa on top of the sulphide-containing agar; in
addition, five control mesocosms with sediment but without
Caulerpa were added to the experiment. All mesocosms were
placed randomly in a flow-through system, with five replicates per
treatment. Created with BioRender.com.

homogenised under running seawater to remove the inherent
sulphide before adding 1500 ml sediment to the mesocosms.

In addition to the mesocosms with Caulerpa, five mesocosms
with sediments but without Caulerpa and sulphide were set up as
controls. Every treatment was represented by five replicates,
resulting in a total of 30 mesocosms (Figure 1). The mesocosms
were kept in a 500 L container with a continuous water flow-
through, maintaining an average temperature of 24°C. The average
daylight intensity in the setup was 96 umol m™ s™'; the mesocosms
were placed at random positions that were changed weekly during
the experiment. The weight, the number of fronds, and the total leaf
length of each Caulerpa specimen were determined at the beginning
and the end of the experiment. The photosynthetic yield as a proxy
for Caulerpa’s health and performance was measured with a
JUNIOR-PAM chlorophyll Fluorometer (Walz, Germany) after a
dark adaptation for 60 seconds at standard settings. At the end of
the experiment, the fronds, rhizoids, and sediments were collected
from each mesocosm and stored in DNA/RNA Shield"™" (Zymo
Research, United States) for the microbiome analysis. The sulphide
levels in the mesocosms were measured at the end of the first,
second and fourth week of the experiment using the methylene blue
method (Triiper and Schlegel, 1964). Samples that exceeded the
spectrophotometer readings were removed.

The growth rate was calculated based on wet weight, average
leaf length, and the number of fronds using the following formula
(W1-WO0)/t where W1 is the weight (or length) at the end of the
experiment, WO - at the beginning of the experiment, and t is
the number of days of the experiment (30 days). ANOVA based on
the linear model (Im, base R) was used in RStudio to compare
weight- and leave-based growth rates and the number of new fronds
grown during the experiment and to test whether sulphide
treatment influenced these parameters. Linear mixed models
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(Imm, ImerTest package, Kuznetsova et al., 2017) were used to
determine the effect of sulphide on the photosynthetic yield
measurements. Homogeneity and normality assumptions of
ANOVA were checked visually with Levene’s test and qqplot (car
package, Fox and Weisberg, 2019), respectively. The measured
sulphide values were log-transformed and analysed by ANOVA.

2.3 DNA and RNA extraction

DNA and RNA were extracted from 79 samples using the
ZymoBiomics DNA/RNA kit (Zymo Research, United States). The
samples included fronds, rhizoids, and sediments collected from the
five experimental sulphide levels (0 uM, 100 puM, 150 pM, 300 uM,
1000 pM) (five replicates per treatment per sample type) and four
samples of the control sediments without Caulerpa or sulphide
addition. The DNA samples were subsequently used in a two-stage
PCR protocol (Naqib et al., 2018) to amplify the V5-V7 region of the
16S rRNA gene. The first stage PCR was done with the chloroplast-
avoiding primers CS1_799F - CS2-1193R (Beckers et al., 2016) using
one ng of DNA per 10 pL reaction. Subsequently, a second-stage PCR
was done with the bar-coded primers (Nagib et al., 2018). A mock
community (MSA-1002, ATCC) was used as a positive control, and
molecular biology-grade water was used as a negative control.

Despite the DNAse treatment in the ZymoBiomics kit, all RNA
samples were checked for DNA contamination with the general 16S
primers 515F-806R. The samples that showed a positive PCR product
were treated with a TURBO DNA-free kit before transcription into
cDNA using SuperScriptTM III Reverse Transcriptase (Invitrogen,
United States). The cDNA was then used as a template in the PCR, as
described above. A total of 147 samples were sent off for paired-end
Mlumina MiSeq sequencing at the Research Resources Centre of the
University of Illinois at Chicago, USA.

2.4 Microbiome analysis

The sequencing facility generated and demultiplexed paired-
end sequence reads of 150 bp. QIIME2 version 2022.8 (Bolyen et al.,
2019) was used to perform quality control and to produce an ASV
abundance table and a taxonomic classification. The amplicon
sequencing variants (ASVs) were generated using the DADA2-
denoise algorithm in QIIME2 (Callahan et al,, 2016). The SILVA
16S rRNA database (version 138.1, Quast et al., 2013) was used for
reference sequences and Naive Bayes classifier training. Positive and
negative controls were verified and checked for biases after QIIME2
analysis but removed from further analysis.

Subsequently, the alpha- and beta-diversity and the taxonomic
composition of the microbiomes were analysed with the software
package phyloseq in RStudio (version 1.46; McMurdie and Holmes,
2013). For this, the QIIME2-derived taxonomy table, the ASV table
and a table with metadata were imported into RStudio and converted
to phyloseq objects. Seven samples were removed because of a low
number of sequence reads or other problems. Before all analyses
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except the alpha-diversity analysis, the data were filtered to retain
only ASV's with at least one count in at least 20% of the samples.

To determine alpha diversity, non-filtered data were rarefied to
3354 reads per sample (Supplementary Table S2), and Shannon
diversity index values were calculated using the vegan package
(version 2.6-4 Oksanen et al., 2022). Normality and equality of
variances of these indices across samples were assessed with
Shapiro-Wilk’s and Levene’s tests. The significance of the
diversity differences was tested using ANOVA and Tukey HSD
tests if all assumptions were met or Kruskal-Wallis (KW) and Dunn
tests if the assumptions were not met.

The filtered data were transformed for the beta diversity
analysis with centred log-ratio (clr) transformation (microbiome
package; Lahti et al, 2017). The homogeneity of variances was
checked with a combination of visual and statistical assessment via
the betadisper test (vegan package version 2.6-4; Oksanen et al.,
2022). An Aitchison distance matrix was calculated as it is known to
be more robust than the widely used Bray-Curtis dissimilarity
statistic (Gloor et al., 2017). Adonis2 (vegan package version 2.6-
4; Oksanen et al., 2022) was used to perform permutational
multivariate analysis of variance (PERMANOVA) with 9999
permutations, three fixed factors were investigated: (i) sulphide
concentration (five levels), (ii) DNA or RNA (two levels) and (iii)
sample type (three levels). The P-values were corrected according to
the Benjamin-Hochberg method; Beta diversity was visualised with
redundancy analysis and constrained analysis of principal
coordinates (CAP) ordination plots. To further investigate the
compositional difference between various sulphide concentrations,
PERMANOVA was repeated for each sample type (fronds, rhizoids,
sediments) with two fixed factors, i.e., (i) sulphide concentration
with five levels and (ii) DNA and RNA with two levels.

The relative abundance of the different taxa was plotted in
MicrobiomeAnalyst version 2.0 (Lu et al., 2023). To establish which
taxa differ significantly between the treatments, an analysis of the
compositions of the microbiomes was performed with package
ANCOMBC (Lin and Peddada, 2020). Pairwise comparisons for
each sulphide concentration were done on the filtered dataset.
Analysis was followed by selecting ASV's that significantly differed in
any of these comparisons. The clr-transformed abundances of these
ASVs in the rhizoid and sediment samples were then z-centred per
taxon and plotted as a heatmap using the ComplexHeatmap package in
R. Hierarchical clustering analysis of ASVs was performed using
Euclidian distance and average linkage. The significance of the
clusters was assessed with the sigclust package (Huang et al,, 2015).
The enrichment analysis of ASVs in each significant cluster was
performed with FuncAssociate 3.0 (Berriz et al., 2003).

To further investigate the compositional differences between
treatments, ‘key’ bacterial families for each sulphide treatment were
explored for all sample types using a so-called ‘indicator species
analysis’ with the “indicspecies” R-package (v 1.7.6) based on
relative abundances (Caceres and Legendre, 2009). Following the
results of indicator species analysis, ASVs grouped to key families
from sediments and Caulerpa rhizoids were plotted on a heatmap.
Ungrouped ASVs from key abundant families from Caulerpa
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rhizoids were clustered and plotted on a heatmap followed by
enrichment analysis (Berriz et al., 2003).

3 Results

3.1 Sulphide concentrations in the field and
the mesocosms

Natural sediments with Caulerpa had a 1.9-fold higher sulphide
concentration than sediments with the seagrass C. nodosa and a 3-
fold higher concentration than non-vegetated sediments (Nested
ANOVA, F; = 4.32, p < 0.01, Figure 2). The concentrations in the
field ranged from 232 uM to 1600 puM for Caulerpa-vegetated
sediments, 51 M to 870 uM for sediments with both Caulerpa
and seagrass, 32 uM to 492 pM for empty sediments, and 30 puM to
529 uM for sediments with only seagrasses.

A total of 35 sulphide samples were collected from the
mesocosms. A significant effect of both time (ANOVA, F1 = 4.77,
p <0.05) and sulphide addition (ANOVA, F2 = 10.65, p < 0.01) was
observed in the mesocosms treated with 0, 100, and 150 pM of
sulphide. The sulphide concentration increased steadily
(Supplementary Figure S1), indicating a gradual sulphide release
from the agar plugs. However, due to the limited number of samples
and high variability in the measured concentrations, the added
sulphide concentrations were used for all subsequent analyses
instead of the measured concentrations.

1500 -

1000-

500-

Sulfide concentration (uM)

5T
®
O o
o i —Le
Caulerpa only Seagrass only Caulerpa Non-vegetated
and seagrass
Sediment type

FIGURE 2

Sulphide concentrations in the pore water of natural sediments with
and without macrophytes. Three areas per treatment were sampled,
with 14-15 samples from each area (see Supplementary Table S1).
The mean is indicated with a black dot; open circles represent
individual samples; error bars represent the standard deviation; the
line represents the median; the boxplot borders represent the 25
and 75" percentile. Nested ANOVA, Fs = 4.32, p < 0.01;

TukeyHSD *p<0.01.
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3.2 Effect of sulphide on the performance
and microbial communities of Caulerpa

The weight-based growth rate of Caulerpa decreased linearly
with increasing sulphide concentrations (ANOVA, F; = 7.82, p =
0.01, Figure 3), showing a 3-fold decrease between the 0 uM and the
highest (1000 pM) sulphide treatment. However, sulphide did not
influence the frond area growth rate, the number of new fronds, or
the photosynthetic yield of Caulerpa (Supplementary Figure S2).

We obtained sequences for 72 DNA and 75 RNA samples. 65,090
and 65,076 ASVs were retrieved from the 1,129,072 and 703,575
reads of the DNA and RNA samples, respectively. The relative
abundance of the phyla showed differences among the different
sample types (ie., fronds, rhizoids, and sediments) and between the
DNA and RNA samples (Figure 4; Supplementary Table S3). Only
ten phyla were present in the RNA samples, all represented among
the 18 phyla found in the DNA samples. Proteobacteria represented
the most abundant phylum in the DNA and RNA of the frond
samples (Figure 4). In the rhizoid samples, Proteobacteria and
Desulfobacterota were the most abundant taxa at all sulphide
concentrations for both the DNA and RNA samples, with a
decrease in the relative abundance of Desulfobacterota in the
sulphide treatments. The relative abundance of Desulfobacterota
decreased from 82% and 88% in the RNA and DNA samples from
the control, respectively, to 47% and 45% in the highest sulphide
treatment. Proteobacteria increased from 13% in the RNA and 4% in
the DNA of the control to 40% and 44%, respectively, in the highest
sulphide treatment. The sediment samples followed a similar pattern,
with Desulfobacterota and Proteobacteria as the most abundant
phyla and Desulfobacterota relative abundances declining by 20%
(Supplementary Table S3) in the sulphide treatments compared to
the control. The most abundant families in the fronds and rhizoids in
the control treatment were Rhodobacteraceae (49% DNA and 28%

250-

e
200~
=
®©
8
jo2]
£ 150- °
~ 2
2 :
g o
‘-§ 100-
9 L]
0]
50-
0
0 100 150 300 1000
Sulfide concentration (uM)
FIGURE 3

A significant linear decrease in Caulerpa weight-based growth rate
with increased sulphide concentrations (ANOVA, F; = 7.82, p =
0.01). The mean is indicated with a dot; open circles represent
samples; error bars represent standard deviation; the line represents
the median; and the boxplot borders represent the 25™ and

75" percentile.
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RNA) and Desulfocapsaceae (67% DNA, 38% RNA) respectively
(Supplementary Tables 54, S5). In the highest sulphide concentration,
the most abundant families were Rhodobacteraceae (59% DNA, 27%
RNA) in the fronds and a mix of Desulfosarcinaceae (11% DNA, 18%
RNA), Desulfocapsaceae (21% DNA, 11% RNA), Rhodobacteraceae
(17% DNA, 2% RNA) and Beggiatoaceae (0.5% DNA, 13% RNA) in
the rhizoids (Supplementary Tables 54, S5).

While the sulphide treatment did not affect the Shannon
diversity (richness and evenness) index, it was significantly higher
in the rhizoids and sediments compared to the fronds and in
sediments compared to the rhizoids (Supplementary Figure S3).
In the rhizoids and sediments, it was also higher for the DNA
samples than for the RNA samples (Supplementary Figure S4).

Differences in the microbiome were primarily influenced by
sample type (Figure 5; Table 1). The microbiomes from the different
sample types also showed distinct responses to sulphide
concentrations (Table 1). DNA and RNA samples responded
similarly to the sulphide treatment (Figure 6; Table 1).

3.2.1 Compositional and indicator taxa in the
fronds, rhizoids, and sediments

Compositional analysis using ANCOMBC showed the presence
of 66 ASVs associated with frond, rhizoid, and sediment samples at
different sulphide concentrations. Hierarchical clustering and
enrichment analyses showed that the Rhodobacteraceae family
was significantly enriched in the cluster associated with the
Caulerpa fronds (Supplementary Figure S6). For the sediments
and rhizoid clusters, the analysis did not show any enriched
families or genera. To further investigate the rhizoids-associated
changes we proceeded with the indicator species analysis.

Indicator species analysis identified the sulphate reducer families
Desulfocapsaceae and Desulfobulbaceae as indicator taxa for the
Caulerpa rhizoids across all sulphide concentrations in DNA and
RNA samples (Figure 7; Supplementary Table S6). In contrast,
sulphide oxidising Beggiatoaceae was predominantly present in the
RNA samples of the 100 uM and 150 uM sulphide treatments. The
relative abundance of the Beggiatoaceae in the RNA samples was up to
a maximum of 49% for the 100 puM sulphide treatment, whereas the
maximum in the DNA samples was less than 1% (Supplementary
Tables S4, S5). The sulphate reducer family Desulfosarcinaceae was an
indicator taxon in the DNA and RNA samples of the sediment for all
sulphide treatments except the highest concentration of 1000 uM. In
addition, the sulphide oxidising families Woeseiaceae and
Thiotrichacea were indicator taxa in the sediments but not in the
rhizoids (Figure 7). For the fronds, abundant families like
Rhodobacteraceae and Hyphomonadaceae were indicator taxa for all
experimental treatments, suggesting no effect of sulphide on the fronds-
associated microbial communities (Supplementary Table S6).

To further investigate the impact of sulphide on the ‘indicator’
families in the rhizoids, these families were clustered at the ASV level,
followed by an enrichment analysis. While the use of ASVs is
considered accurate and superior to OTU clustering (Weinroth et al.,
2022), it could introduce bias by overinflating the diversity because of
the possible presence of multiple copies of the 16S rRNA gene in the
same bacterium (Schloss, 2021). We, therefore, visualised the ASVs
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FIGURE 4
Average relative abundances (in %) of bacterial taxa at the phylum level associated with fronds and rhizoids of Caulerpa prolifera and in the sediment
incubated with different sulphide concentrations in DNA and RNA samples (see Supplementary Table S7 for details of all samples).

merged at the family level on a heatmap (Supplementary Figure S5) to
investigate whether the patterns of both analyses corresponded, which
they did. Therefore, we further focused on the ASV-based results.
The enrichment analysis identified six significant clusters
(Figure 8). The relative abundance of the indicator taxa followed
roughly the same pattern in the DNA and RNA samples, although it
was much more pronounced in the former. Two members of
the family Desulfocapsaceae were enriched in two clusters;

e _0
N &o °
o ‘oo °
o o
oo
°
° ’.o‘ o
2 ' (]
)
9 o.° 5 ¢
2 = Sample type
= °
o ® Fronds
O
a ° ® Rhizoids
0 e © ® Sediments
L ] o o ..
N 8%
}.‘. ° "R‘oo
=, %
-2 L e
&
3 2 -1 0 1 2 3
PC1 [25.1%]
FIGURE 5
Redundancy analysis of bacteria associated with Caulerpa prolifera
fronds (n=45), rhizoids (n=44) and sediments (n=51), based on
Euclidian distances. The DNA and RNA samples from experiments
with different sulphide concentrations were combined.
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Desulforhophalus sp., in cluster one, was abundant in the 0 uM
control but only present at low relative abundance in the sulphide
treatments. In contrast, Desulfopila in cluster three was abundant at
the highest sulphide concentrations but low in the 0, 100, and 150
uM sulphide treatments (Figure 8). Five ASVs affiliated with the
Desulfobulbaceae family (cluster four) were mainly abundant at the
two highest sulphide concentrations. Ca. Electrothrix in cluster six
did not follow a clear pattern but seemed most abundant in the 100
uM and 150 uM sulphide treatments. Beggiatoaceae was enriched in
cluster six; clusters two and five had no enriched species or families.

4 Discussion

4.1 Effect of sulphide on the performance
of Caulerpa

Our measurements of sulphide in the field samples
corroborated the findings of Holmer et al. (2009), confirming that
sediments inhabited by Caulerpa exhibit elevated sulphide
concentrations. In our mesocosm experiment, however, we
observed a decline in the weight-based growth rate of Caulerpa in
response to higher sulphide levels, indicating that the alga displays a
certain sensitivity to sulphide despite continuing to grow.
Therefore, while Caulerpa is associated with increased sulphide
concentrations in the sediment, its growth is adversely impacted by
these elevated sulphide levels. The sulphide increase, however, did
not affect the photosynthesis of Caulerpa. While, to our knowledge,
no other studies looked at the impact of sulphide on the
photosynthesis in Caulerpa, sulphide is known to affect the
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TABLE 1 PERMANOVA and BETADISPER analysis of microbial communities associated with Caulerpa prolifera (i) sample types (fronds, rhizoids or
sediments), (i) DNA/RNA and (iii) sulphide concentrations.

PERMANOVA
Df SumOfSqgs R2 F p-value
Sulphide concentration 4 9142 0.06 3.86 <0.01
Sample type 2 66371 0.40 56.02 <0.01
DNA/RNA 1 6464 0.04 1091 <0.01
Sulphide concentration*type 8 8533 0.05 1.8 <0.01
Sulphide concentration*
DNA/RNA 4 2001 0.01 0.84 0.7
Sample type* DNA/RNA 2 3934 0.02 3.32 <0.01
Sulphide concentration *type*
DNA/RNA 8 3232 0.02 0.7 0.99
PERMANOVA PER SAMPLE TYPE
Sulphide concentration 4 3178 0.14 1.7 <0.01
2 DNA/RNA 1 1757 0.08 3.7 <0.01
&
Sulphide concentration*
DNA/RNA 4 1224 0.05 0.6 1
Sulphide concentration 4 4298 0.16 1.89 <0.01
3
'E DNA/RNA 1 2443 0.09 4.3 <0.01
é . EPRS
Sulphide concentration
DNA/RNA 4 1514 0.05 0.57 0.1
Sulphide concentration 4 6201 0.18 3 <0.01
E
E DNA/RNA 1 5190 0.15 10 <0.01
5
& Sulphide concentration*
DNA/RNA 4 1703 0.05 0.8 0.9
BETADISPER
Df SumofSqs Mean Sq F p-value
Sulphide concentration 4 94.32 23.58 1.18 0.31
Sample type 2 999.04 499.52 29.647 <0.01
DNA/RNA 1 105.7 105.7 10.85 <0.01

The p-values in bold are significant.

photosynthesis and survival of seagrass seedlings negatively (Dooley
et al, 2013) and seagrass growth (Calleja et al, 2007). So, the
Caulerpa above-ground parts are less affected by sulphide than
those in seagrasses.

4.2 Effect of sulphide on the
microbial communities

4.2.1 Microbial community composition across
sample types

The microbial communities in the rhizoids and sediments
displayed a higher diversity than in the fronds. Furthermore, the
DNA samples showed a higher diversity than the RNA samples
which has been found by others (Gaidos et al., 2011; Bai et al., 2023)
and could be due to the presence of both dead and alive bacteria
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(Laroche et al., 2017). It is known that relic DNA contributes to a
large portion of the DNA pool, buffering the dynamics of diversity
metrics (Lennon et al., 2018), while RNA might indicate the activity
of certain bacteria (Chiba et al., 2022), which might change more
rapidly under fluctuating environmental conditions. We suggest
that similar results of alpha diversity measurements at different
sulphide concentrations are attributed to composition changes, with
certain bacteria groups replacing others, while the diversity value
stays the same. Previous studies have shown that the fronds and
rhizoids of Caulerpa exhibit a distinct microbial community
(Morrissey et al, 2019). In our dataset, the sample type (ie.,
fronds, rhizoids, sediments) also explained a significant portion
(40%) of microbial community composition differentiation. Change
in sulphide concentration explained 6% of the overall variation, and
each sample type separately - 14, 16, and 18% (Table 1) of the
variation in the community composition in the fronds, rhizoids,
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highly abundant indicator families in Caulerpa prolifera rhizoids DNA and RNA samples incubated at different sulphide concentrations. Significant

clusters are highlighted with different colours.

and sediments. In both analyses a large portion of the variation
remained unexplained, which has been seen previously for Caulerpa
species (Morrissey et al., 2019), and may indicate bacterial
recruitment that is independent of sulphide effects (Morrissey
et al., 2019; Kopprio et al., 2021).

4.2.2 The phylobiome remains stable

The frond-associated microbiome, or ‘phylobiome’, remained
unaffected by elevated sulphide concentrations. Both ANCOMBC
and Indicator species analysis showed a high abundance of
members of the Rhodobacteraceae that remained almost
unchanged at the different sulphide treatments. This is not
unexpected because sulphide will be chemically oxidised in the
seawater without affecting the phylobiome. Members of the
Rhodobacteraceae are known to be associated with various
Caulerpa species (Aires et al., 2013; Liang et al., 2019; Kopprio
et al, 2021) as well as other macroalgae (Dogs et al., 2017;
Serebryakova et al., 2018) and seagrasses (Korlevic et al., 2021).
They might offer functions like vitamin B12 production (Dogs et al.,
2017), nitrogen fixation (Chisholm et al., 1996), degradation of
polysaccharides from algae, phytohormone production, and
promotion of morphogenesis (Kopprio et al., 2021).

4.2.3 Microbial communities in the sediments

Both ANCOMBC and Indicator species analysis showed a
dominance of Desulfosarcinaceae and the genus Sva0081 that belongs
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ASV30 Desulfocapsaceae, Desulfopila sp.
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ASV159 Deslfobulbacese, Candidatus Electronema
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Candidatus Electrothrix
v | (Desulfobulbaceae)

ASV27 Desulfosarcinaceae

to the same family in sediments of the control sample without sulphide
and in the 100 uM and 150 uM sulphide treatments. Sva0081 bacteria
are uncultured sulphate-reducing bacteria in coastal sediments
(Dyksma et al,, 2018b; Coskun et al, 2019) and seagrass meadows
(Zhang et al,, 2020; de la Garza Varela et al, 2023). We found no
difference in the bacterial composition in sediments of control samples
with or without Caulerpa, suggesting that Caulerpa does not actively
change the composition of the surrounding sediment microbial
communities over a relatively short period of one month.

4.2.4 Sulphur-cycling bacteria in the rhizobiome
change in response to sulphide

Caulerpa samples had a completely different microbial
community composition than the sediment samples with rhizoid-
associated ASVs distinctively clustering together and separated from
the sediment-associated ASVs (Supplementary Figure S6). While the
ANCOMBC analysis identified several Desulfocapsaceae and
Desulfopila ASV's as differentially abundant across sulphide levels,
cluster analysis did not resolve these effects. However, Indicator
species analysis identified several key bacterial families associated
with the rhizoids, all belonging to sulphur-cycling bacteria, and
confirmed changes in their relative abundance in response to
sulphide. Caulerpa-associated samples had abundant sulphate-
reducing taxa; however, their taxonomic classification differed from
that of the sediment-associated microbial community. Members of
the sulphate-reducing family Desulfocapsaceae were associated with
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the rhizoids but not with the sediments, suggesting a potential
selection by the alga. Our result complements the results of
Korlevic et al. (2021), who found Desulfocapsaceae associated with
the invasive species Caulerpa cylindracea. Another study identified
the sulfate-reducing family Desulfobacteraceae in the microbiome of
Caulerpa racemosa (Aires et al., 2013), which was also present in our
samples, although not abundant. Desulforhopalus sp. might play an
important role as a sulphate reducer in the Caulerpa rhizoids (Bahr
et al., 2005), as it has also been detected in the rhizobiome of the
seagrass Posidonia oceanica (Garcia-Martinez et al., 2009). This
species followed a clear pattern in the rhizoids: abundant in the
control without sulphide and decreasing in the sulphide treatments in
both the DNA and RNA samples. Desulfopila sp., unlike
Desulforhophalus, followed an opposite pattern, i.e., an increasing
relative abundance with an increase in sulphide. Known initially as a
sulphate reducer (Suzuki et al., 2007), recent research suggested that it
might perform sulphur disproportionation in which both sulphate
and sulphide are produced (Ward et al, 2021). These bacteria are
likely to thrive in environments with active sulphate reduction, as
these conditions provide intermediate sulphur compounds, such as
sulphite, that can serve as a substrate for sulphur disproportionation
(Alain et al,, 2022). Additionally, the anoxic conditions characteristic
of sulphate-reducing environments are conducive to the metabolic
activities of sulphur-disproportionating bacteria. Desulfopila has also
been detected in marine sediments (Colin et al., 2013), seagrasses
(Zhou et al., 2021), and salt marsh plants (Rolando et al., 2022).
Desulfobulbaceae was an indicator taxon in the rhizoid RNA
samples, with a high relative abundance of over 8%, and present at
all sulphide concentrations. It is a family of sulphate reducers (Dyksma
etal, 2018a; Vigneron et al,, 2018) that also includes the so-called ‘cable
bacteria’ that can oxidise sulphide by transporting electrons over
centimetres from the anoxic depth to the oxic sediment surface
(Trojan et al., 2016; Sandfeld et al., 2020). Desulfobulbus sp. followed
a pattern similar to Desulfopila, i.e., increasing in relative abundance
with the highest sulphide concentrations (i.e., 300 M and 1000 uM).
Some Desulfobulbus members are also known to be able to perform
sulphur disproportionation and sulphate reduction (Ward et al., 2021;
El Houari et al, 2017); these organisms have also been found in
seagrasses (Zhou et al,, 2021). Candidatus Electrothrix did not follow a
specific pattern but seemed abundant in the 100 yM and 150 uM
sulphide treatments and was absent in the no-sulphide control. It is
known for its association with the rhizoids of seagrasses (Martin et al,,
20205 Scholz et al,, 2021), salt marsh plants (Scholz et al., 2021), and
mangrove sediments (Scholz et al., 2021), potentially protecting against
sulphide. Finally, members of the sulphide-oxidizing family
Beggiatoaceae were associated with the Caulerpa rhizoids in the
lower sulphide treatments but only in the active (RNA) bacterial
community. Their presence as an indicator taxon at the intermediate
(100 pM and 150 uM) sulphide concentrations suggests a potential role
in sulphide detoxification. Their relative abundance seems to drop at
the highest sulphide treatments, which could be evidence of sulphide
inhibition, as previously described for this family (Dunker et al., 2011;
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Malkin et al,, 2022). Members of this family have also been observed in
seagrass rhizospheres (Fuggle et al., 2023).

We observed that the Beggiatoaceae family was detectable only
at the RNA level, exhibiting high abundances of over 40% for some
treatments while remaining below 1% at the DNA level. We did not
detect such dramatic differences in bacteria associated with the
Caulerpa fronds, where the relatively abundant taxa constituted
>1% of the amplicon abundance in both the DNA and RNA
samples. We propose two possible explanations for such
discrepancies in the rhizoid-associated microbiome. First, high
RNA abundance does not always translate into a high growth rate
(Blazewicz et al.,, 2013). Hence, in our case, a high abundance in the
RNA samples coupled with a low abundance in the DNA samples
could mean an increase of activity of certain groups like the
Beggiatoaceae that are present at low numbers but become active
under specific conditions. It is important to note that dormant cells
can also exhibit high RNA levels (Blazewicz et al.,, 2013). While it is
theoretically possible that dormant Beggiatoaceae associated with
Caulerpa are not active at the time of sampling (Blazewicz et al,
2013), our introduced range of sulphide concentration and the high
Beggiatoaceae abundance in the RNA samples, specifically in the
moderate sulphide concentrations, suggested otherwise. Second,
some of the discrepancy could come from preservation, extraction
and sequencing biases (Schirmer et al., 2015; Brauer and Bengtsson,
2022). However, we argue that this cannot fully explain the
variation, because we don’t see dramatic differences between RNA
and DNA samples in the frond-associated microbiome.

We, therefore, suggest that most of the variation between the
DNA and RNA-based taxa abundances comes from a change of
activity in the Beggiatoaceae, and its abundance increases as a
response to sulphide.

4.3 The role of sulphur-cycling bacteria in
the Caulerpa rhizoids

Our findings confirm that C. prolifera is tolerant to sulphide; it
inhabits areas with sulphide levels over 1000 uM that are considered
extremely high for other organisms like seagrasses, for which the
tolerance range is between 10-30 uM (Calleja et al., 2007; Holmer et al,,
2009) and even lethal at levels higher than 680 WM (Dooley et al., 2013).

We have shown that Caulerpa prolifera has a high diversity of
sulphate-reducing and sulphide-oxidizing bacteria, unique to its
rhizoids and not observed in the sediments. As discussed above, all
the indicator taxa we have found have been previously recorded in
seagrasses and salt marsh plants; however, they are in much lower
numbers. Although it is difficult to compare relative amplicon
abundances with other studies due to the differences in primer
regions (Na et al., 2023), we estimated a relative abundance of 88%
of Desulfobacterota, with 66% belonging to the family Desulfocapsaceae
in the control treatment (DNA samples), which is much higher than the
relative abundances of sulphate reducers previously described for
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seagrasses and salt marsh plants. While seagrasses are known to host a
mix of sulphate-reducing bacteria in their root microbiomes (Crump
et al, 2018), the percentage of sulphate reducers found by Crump et al.
(2018) - only 16% - was much lower than we identified in Caulerpa. A
study on salt marsh plants estimated 7-15% of Desulfobacterota in
sediments associated with Spartina alterniflora and Spartina mariqueter
(Zheng et al., 2017). We only see a somewhat comparable high relative
abundance of sulphur bacteria in another Caulerpa species: similar
epiphytic bacteria composition as to our study has been recorded in
invasive Caulerpa cylindracea thalli, with Desulfobacterota contributing
25% to the relative abundance of associated bacteria, with the large
portion of it being Desulfocapsaceae family and Desulfobulbus,
Desulfopila, Desulforhopalus species that we also find in our study
(Korlevic et al, 2021). The fact that this study only investigated
epiphytic communities suggests that the total relative abundances
might be higher.

High numbers of sulphate reducers in Caulerpa rhizoids
recorded in our study strongly suggest the alga’s ability to change
the sediment biochemical properties through its associated bacteria,
which has been previously recorded in Spartina alterniflora - an
invasive salt marsh plant (Zheng et al., 2017; Zhao et al., 2022) that
is known to increase sulphide content of the soil (Zhao et al., 2022).
It is possible that, like S. alterniflora, Caulerpa favours the activity of
sulphate-reducing bacteria (Zheng et al., 2017), thus having a
competitive advantage over sulphide-sensitive macrophytes.

In the study by Crump et al. (2018), sulphide-oxidising taxa
(Sedimenticola, Arcobacter, Thiomicrospira, Sulfuromonas) associated
with seagrass roots averaged 11%, while we found up to 47% relative
abundance of Beggiatoaceae in Caulerpa rhizoids (RNA samples only,
150 pM treatment). This, coupled with the presence of cable bacteria,
which are associated with the roots of freshwater and marine plants
(Scholz et al.,, 2021), suggests that bacterial sulphide oxidation could
occur around Caulerpa rhizoids at elevated sulphide concentrations.

As hypothesised, we observed a shift in sulphur-cycling bacteria
within the rhizobiome of Caulerpa prolifera under sulphide stress,
characterised by a decrease in sulphate-reducing bacteria and an
increase in sulphide-oxidizing bacteria. This shift may help protect
the alga from sulphide toxicity.
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