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Abstract

Despite an increasing awareness of disease impacts on both cultivated and native seaweed populations, the development of
marine probiotics has been limited and predominately focused on farmed animals. Bleaching (loss of thallus pigmentation)
is one of the most prevalent diseases observed in marine macroalgae. Endemic probiotic bacteria have been characterized
to prevent bleaching disease in red macroalgae Agarophyton vermiculophyllum and Delisea pulchra; however, the extent to
which probiotic strains provide cross-protection to non-endemic hosts and the influence of native microbiota remain unknown.
Using A. vermiculophyllum as a model, we demonstrate that co-inoculation with the pathogen Pseudoalteromonas arctica
G-MANG and D. pulchra probiotic strain Phaeobacter sp. BS52 or Pseudoalteromonas sp. PB2-1 reduced the disease risks
compared to the pathogen only treatment. Moreover, non-endemic probiotics outperformed the endemic probiotic strain
Ralstonia sp. G-NY6 in the presence of the host natural microbiota. This study highlights how the native microbiota can
impact the effectiveness of marine probiotics and illustrates the potential of harnessing probiotics that can function across

different hosts to mitigate the impact of emerging marine diseases.
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Infectious diseases have been reported as one of the main
factors threatening marine macroalgae (seaweeds) in wild
populations [1-3] and farmed species [4, 5]. However, cur-
rent disease management strategies, involving specific cul-
tivation practices or chemical treatments [6, 7], are often
highly labor-intensive and impractical for the application to
wild seaweed populations. The use of probiotics for disease
control in industrial and natural systems is gaining inter-
est [8—12], yet in the marine environment disease protective
bacteria have predominately been characterized for aqua-
culture animals [13, 14] with few attempts made to discover
macroalgal probiotics [15—17]. To date, research has focused
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either on the isolation of endemic probiotic bacteria from
the target hosts and their environment or on the use of well-
characterized human/animal dietary probiotics such as Lac-
tobacillus spp. or Bacillus spp. [14]. While such approaches
contribute to the development of new probiotics, animal pro-
biotics may not be well adapted to the marine macroalgal
environment. Moreover, little is understood about the extent
to which the function of a marine probiotic strain is host
specific (but see [18, 19]). Addressing these knowledge gaps
serves as the cornerstone of developing common probiotics
as a generalized solution to emerging aquatic diseases.
Bleaching is one of the most common diseases observed
in macroalgae [2, 20-22] including Agarophyton vermicu-
lophyllum in the Baltic Sea [16] and wild Delisea pulchra
populations in Australia [23]. A common feature of bleach-
ing is that disease appears to be a result of opportunistic
pathogens exploiting the stressed hosts. We have recently
identified a range of bacteria that can antagonize patho-
gens that cause D. pulchra bleaching disease, including two
strains (Pseudoalteromonas sp. PB2-1 and Phaeobacter
sp. BS52) that can reduce the pathogen-induced bleaching
in vivo [15]. Similarly, endemic bacterial strains have been
shown to reduce the risk of disease in A. vermiculophyllum
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in the presence of pathogens [16]. However, previous stud-
ies were conducted on A. vermiculophyllum pre-treated with
antibiotics; thus, the extent to which probiotics are effective
in reducing the risk of disease in the presence of the mac-
roalga’s undisturbed natural microbiota remains unknown.
Here we test the hypothesis that protective bacteria of D.
pulchra are also effective in controlling pathogen-induced
disease in A. vermiculophyllum and that disease protection
is influenced by the host’s surface microbiota.

Healthy A. vermiculophyllum [24] (synonym: Graci-
laria vermiculophylla (Ohmi) Papenfuss) samples without
any apparent thallus discoloration were collected from the
sandy shores at Nordstrand (53°29'10.25”N, 8°38'35.33”E),
from December 2018 to March 2019, and transported to
the GEOMAR Helmholtz Centre for Ocean Research labs
(Kiel, Germany) within 2 h. Macroalgal maintenance and
in vivo bleaching disease assays were conducted as previ-
ously described [16] (see also Supplementary Information).

We first determined if the non-endemic candidate probiot-
ics (Pseudoalteromonas sp. PB2-1; Phaeobacter sp. BS23,
BS34, and BS52; Photobacterium sp. BS55; and Vibrio sp.
BL95) had a detrimental impact on A. vermiculophyllum
health and compared these to both the representative patho-
gen Pseudoalteromonas arctica G-MANG6 and the endemic
protective strain Ralstonia sp. G-NY6 [16] (Table 1). Each
strain was inoculated separately in bleaching assays of A.
vermiculophyllum with a disturbed (pre-treated with anti-
biotics vancomycin and cefotaxime each at a final concen-
tration of 0.1 mg-ml~! for 2 days following the procedures
outlined in [16]) or natural microbiota (i.e., no antibiotic pre-
treatment). The number of healthy and bleached tips from
each fragment was counted after 5 days using a binocular
microscope (Fig. S1). The relative risk (RR) for each treat-
ment compared to the seawater control (SW) was calculated

using the formula below [25] and the effect of each treatment
tested using a Generalized Linear Mixed-effect Model with
a p value of < 0.05 considered significant (see also Supple-
mentary Information).

Absolute risk of tip bleaching in Treatment X (%)

Number of bleached tips in Treatment X
_ Number of bleached tips in Treatment X _ (1)

Number of tested tips in Treatment X

Absolute risk of tip bleaching in Control (%)

_ Number of bleached tips in Control 100 2)

Number of tested tips in Control

A RR =1 means the risk of tip bleaching is identical
in the treatment and control. An RR <1 or> 1 means the
treatment reduces or increases the risk compared to the
control.

The addition of non-endemic bacteria did not alter the dis-
ease risk of A. vermiculophyllum compared to the control sam-
ples (Fig. 1; Table S1). In contrast, adding P. arctica G-MANG6
to A. vermiculophyllum resulted in a significant increase in
bleaching compared to the control, in samples with both a
disturbed and natural microbiota (RR y;surbed microbiota = 2-305
RR ural microbiota = 2-23; Fig. 1, Table S1), thereby confirm-
ing its role as a pathogen. Interestingly, inoculation of the
endemic probiotic strain Ralstonia sp. G-NY6 lowered the
disease risk to approximately one-third compared to the SW
control in A. vermiculophyllum with disturbed microbiota,
but doubled the disease risk in the presence of the natural
microbiota (RRdisturbed microbiota — 036’ RRnatural microbiota — 2.11 5
Fig. 1, Table S1). These results suggest that Ralstonia sp.
G-NY6 could compromise host health through interacting
with other microbiota members and highlight the importance
of testing probiotics in the presence of a natural microbiota.

Table 1 Bacteria tested in Agarophyton vermiculophyllum bleaching disease assays

Bacterial ID  Taxonomy Original habitat Ecological role Reference/Provider
G-MAN6 Pseudoalteromonas arctica  Surface of A. vermiculophyllum  A. vermiculophyllum pathogen  [16]
G-NY6 Ralstonia sp. Surface of A. vermiculophyllum A. vermiculophyllum bleaching  [16]
protective strain
PB2-1 Pseudoalteromonas sp. Surface of D. pulchra D. pulchra bleaching protective  [15, 26]
strain
BS23 Phaeobacter sp. Surface of D. pulchra D. pulchra pathogen-antagonis-  Sharon Longford, UNSW
tic strain Sydney; [15]
BS34 Phaeobacter sp. Surface of Ulva australis D. pulchra pathogen-antagonis- [15, 27]
tic strain
BS52 Phaeobacter sp. Surface of D. pulchra D. pulchra bleaching protective  [15, 27]
strain
BS55 Photobacterium sp. Surface of D. pulchra D. pulchra pathogen-antagonis- [15, 27]
tic strain
BL95 Vibrio sp. Surface of D. pulchra D. pulchra pathogen-antagonis-  Vipra Kumar, UNSW Sydney;

tic strain [15]
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Fig.1 Effect of single bacterial strain inoculums on the risk of
bleaching disease in Agarophyton vermiculophyllum with a disturbed
or a natural microbiota. The x-axis shows the relative risk (RR, calcu-
lated for three independent experiments with six biological replicates
each) and 95% confidence intervals (CIs). Note that no diseased tips
were observed in Pseudoalteromonas sp. PB2-1 treatment in A. ver-
miculophyllum with disturbed microbiota; thus, the CIs could not be
estimated. The vertical dashed line indicates RR=1.0 (i.e., the risk of
test strain treatment equals to the corresponding control). The y-axis

After showing that the non-endemic candidate probi-
otics did not themselves result in an increased risk of tip
bleaching (Fig. 1; Table S1), we further tested whether
any of them could reduce pathogen-induced bleaching in
A. vermiculophyllum. Each of the candidate probiotics was
co-inoculated with the pathogen P. arctica G-MANG6 in A.
vermiculophyllum with a disturbed or natural microbiota.
In A. vermiculophyllum with a disturbed microbiota, co-
inoculations with Phaeobacter sp. BS23, BS34, and BS52
or Ralstonia sp. G-NY6 resulted in a significant decrease
in the disease risks compared to the pathogen only treat-
ment (RRgsy3 4 g-mans =0-20, RRgg34 4 mane=0-15,
RRgss: 1+ 6-mane =0-18, RRG nye + gmane = 0-32), while
there was no statistical support for a change in these disease
risks compared to the SW controls (Fig. 2; Table S2). How-
ever, when the microbiota was present, co-inoculation of P.
arctica G-MANG and either Phaeobacter sp. BS23, Phaeo-
bacter sp. BS52, or Pseudoalteromonas sp. PB2-1 resulted in
a significant decrease in disease risks compared to the patho-
gen alone (RRgs)3 4 6-mane=0-29, RRggsy 1 g mang=0-19,
RRpgs.1 + g-mane =0.24; post hoc tests on Poisson GLMM:
Padjustea <0.05). Moreover, Phaeobacter sp. BS23 and BS52
strains outperformed Ralstonia sp. G-NY6 in disease protec-
tive effects in A. vermiculophyllum (Fig. 2).

Collectively these results show that D. pulchra bleaching-
protective strains Phaeobacter sp. BS52 and Pseudoalte-
romonas sp. PB2-1 [15] could also alleviate the patho-
gen-induced bleaching in A. vermiculophyllum. Bacteria

shows the taxonomic affiliation and identification number (ID) of test
bacteria. Multiple comparisons (emmeans function in R emmeans
package) on a two-way Poisson GLMM (Df=283) were performed to
examine the differences between treatments and SW control (* indi-
cates a significant difference), and between host microbiota status (A
indicates a significant difference). The confidence levels and p values
were adjusted using a mvt method. An adjusted p value of <0.05 was
considered significant

belonging to the genera Phaeobacter and Pseudoaltero-
monas have also been reported as probiotics in a variety
of marine systems, including corals [28], shellfish [11, 29,
30], and fish larvae [31-33]. Together with these studies,
our current work supports the idea that Phaeobacter and
Pseudoalteromonas strains show promise as general marine
probiotics.

Factors that contribute to the success of Pseudoaltero-
monas spp. as a probiotic could be due to direct or indi-
rect inhibition of pathogens, e.g., the production of antibi-
otics [34, 35] or bacterial quorum sensing inhibitors [36].
It should be noted, however, that Pseudoalteromonas sp.
PB2-1 provided significant protection to A. vermiculophyl-
lum in the presence of the host natural microbiota, but only
displayed moderate protection on A. vermiculophyllum with
a disturbed microbiota. These observations suggest that the
direct antibiotic activities of Pseudoalteromonas sp. PB2-1
may not be sufficient to protect A. vermiculophyllum against
disease. Rather PB2-1 may have an indirect mode of action
for disease protection, such as mitigating pathogen-induced
dysbiosis (e.g., see [15, 37, 38]), or acting in synergy with
other members of the microbiota to afford protection to the
host.

Host microbiota have previously been hypothesized to
play a key role in health maintenance through inhibiting det-
rimental colonizers including pathogens [39]. However, our
results suggest that different probiotic strains can perform
differently depending on the host microbiota. For example,
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Fig.2 Effect of co-inoculation of candidate protective bacteria and
the pathogen Pseudoalteromonas arctica G-MANG6 on the risk of
bleaching disease in Agarophyton vermiculophyllum with a disturbed
or a natural microbiota. The pathogen only treatment and SW con-
trol are used as references to calculate the relative risk (RR) of dif-
ferent co-inoculation treatments (results are shown in top and bottom
panels, respectively). The x-axis shows the RR (calculated for three
independent experiments with six biological replicates each) and
95% confidence intervals (Cls). The vertical dashed line indicates
RR=1.0 (i.e., the risk of co-inoculation treatment equals to the cor-

while Pseudoalteromonas sp. PB2-1 was more effective in
the presence of the host microbiota (see above), the presence
of a natural surface microbiota did not change the effective-
ness of Phaeobacter sp. strains BS52 or BS23. In contrast
Ralstonia sp. G-NY6 and Phaeobacter sp. BS34 were pro-
tective only when the A. vermiculophyllum surface microbi-
ota was disturbed. One possible explanation for this reduced
probiotic effect is that the host microbiota offer some pro-
tection to the pathogen. Similar microbiota influences on
interactions between probiotics and the target pathogen have
been reported for the aquaculture probiotic strain Phaeo-
bacter inhibens DSM 17,395. For example, introduction of
P. inhibens DSM 17395 reduces the abundance of the fish
pathogen Vibrio anguillarum in axenic artemia cultures, but
only limits pathogen growth (i.e., by keeping the pathogen
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responding pathogen only treatment or SW control). The y-axis shows
the taxonomic affiliation and identification number (ID) of inoculated
bacteria. Multiple comparisons (emmeans function in R emmeans
package) on a two-way Poisson GLMM (Df=83) were performed to
examine the differences between treatments and pathogen only or SW
control (* indicates a significant difference), and between host micro-
biota status (A indicates a significant difference). The confidence lev-
els and p values were adjusted using a mvt method. An adjusted p
value of <0.05 was considered significant

counts similar to the inoculum levels) in non-axenic cultures
[40]. The mechanisms through which tripartite interactions
among the host microbiota, pathogens, and probiotics affect
the final disease outcomes on the host will be an important
area for future research and our findings highlight the neces-
sity of testing probiotics in near natural systems.

In summary, we have shown that Phaeobacter sp. BS52
and Pseudoalteromonas sp. PB2-1 can protect the two phy-
logenetically and geographically distinctive red seaweeds
D. pulchra and A. vermiculophyllum from their pathogen-
induced bleaching disease, even in the presence of a native
microbiome. Understanding these ecological interactions
will help pave the way for the use of common probiot-
ics to facilitate marine host conservation and sustainable
aquaculture.
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