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Abstract: Within the last decade, the red alga P. palmata gained increasing interest as a food additive in
Europe. Traditionally, P. palmata is harvested from wild stocks, but higher biomass demands request
a shift towards industrial cultivation of this species. Using a land-based tumble culture approach, we
have successfully grown P. palmata via vegetative propagation over a 2-year period. One year after the
initial setup, phenotypic changes represented in the formation of randomly shaped, mostly circular
galls and homogeneous greenish-white spots with significantly reduced photosynthetic activity
were observed on the algal thalli. With progressing time, galls increased into large flat or sunken
structures, whereas the tissue in the center of the greenish-white spots weakened. In later stages, the
weakened tissue is disrupted, forming holes in the thallus. In this study, we present observations,
microscopy analysis, PAM results, and biotechnological approaches to describe a possible infection
of P. palmata. Test results showed that light quantity might be the most important factor for the
propagation behavior of the infection, whereas the pH level might be secondary, and the nutrient
level and biomass density might be of minor relevance. Similarly, changes in light quality could also
influence the occurrence of pathological changes in P. palmata.
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1. Introduction

The globally increased demand for seaweed as a raw material in industries as diverse
as the food industry, pharmacy, or textile and paper production [1-5] has led to the large-
scale mass production of marine macroalgae since the wild seaweed stocks can by no means
meet the growing demand in terms of quality and quantity.

However, the quality and quantity of (industrial) seaweed cultivation face challenges.
Climate change has led to changes in biotic and abiotic environmental conditions, which
in turn promote the spread of pathogens and pests and can mutually influence the biotic
components of the habitat [6,7]. Those algal pathogens can have an immense economic
impact on algae production. For example, infections by epiphytic marine bacteria led
to a 25-30% loss in yielded brown algae Laminaria japonica in China [8]. The pathogenic
oomycete Olpidiopsis pyropiae caused biomass losses of up to 20% in Korean Porphyra pro-
duction [9,10]. In the Philippines and East Africa, the changing environmental conditions
resulted, among other things, in the spread of the ice—ice disease, which reduced the annual
production yield of the algae Kappaphycus sp. and Eucheuma sp. by more than 15%, causing
revenue losses of over $ 100 Mill. [11-13].

Possible abiotic stressors known to affect the fitness and resistance of seaweeds to
diseases and pests [14] are changes in salinity, light intensity, temperature, or nutritional
quality [15]. They can cause epiphytic infestations, which in turn increase the risk of
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subsequent infection by opportunistic bacteria or viruses [16,17]. The prevalence of mono-
culture and the desired uniformity of produced seaweed through clonal or vegetative
multiplication, as pursued by the seaweed industry, further increases the vulnerability of
the cultivated species to abiotic stressors, pests, and pathogens [18].

Whereas the impact of pathogens and pests on algal cultivation is increasingly evident,
knowledge of those organisms is still very scarce. For example, a new oomycete pathogen,
Olpidiopsis palmariae, has been described in a Palmaria hatchery, which affects Palmaria spores
and, therefore, diminishes the algal recruitment [19]. P. palmata is an edible seaweed and is
increasingly gaining attention as a health food and cosmetic ingredient as it is a rich source
of proteins, vitamins, and antioxidants, which can provide health benefits [20-22]. While
P. palmata is mostly collected as wild seaweed in Europe, the increased industrial demand
calls for different approaches to the alga’s reproduction to reduce the dependency on its
natural occurrence. In this context, it is crucial to extend the currently limited knowledge
of Palmaria pathogens.

With the intention to contribute to this discussion, this paper presents the 2-year
observation of a land-based culture of the red alga P. palmata, which was propagated purely
vegetatively and showed increasingly visible signs of a disease (e.g., plaques or green
spots). The observations show different stages of pathological deformation of P. palmata but
also include experimental results regarding photosynthetic changes between healthy and
infected thalli as well as laboratory test results on the influence of procedural variations on
the symptoms.

2. Materials and Methods
2.1. Algal Material

Studies were conducted using unattached, vegetative growing pieces of the folious
red alga Palmaria palmata (L.) Kuntze. Algae were collected on the beach of Grenaa, Den-
mark (56°25" N, 10°53" E) in May 2020 and cultivated in two 2000 L tumble culture tanks
(Meeresalgenland UG, Potsdam, Germany). Before placing thalli in the tumble tanks, algae
were treated with 1% sodium hypochlorite solution according to [23] for up to 5 min to
eliminate epiphytes.

2.2. Cultivation Medium

Artificial seawater was used as cultivation medium in the culture tanks with a target
salinity of 30 practical salinity units (psu) using 30 g of artificial sea salt (Tropic Marin, Dr.
Biener GmbH, Wartenberg, Germany) per liter of fresh water. The salinity was checked
every second day using a digital refractometer (HI 9033, Hanna Instruments, Vohringen,
Germany). The cultivation medium was not replaced during the whole experimental period
of two years to meet the requirements of cost-effective cultivation. However, due to the
evaporation of the culture medium, fresh water was added to keep the salinity level stable
at 30 psu. Additionally, due to the cleaning processes of the pressure filter, approximately
12 L of fresh artificial seawater were added per month and tank. To avoid the accumulation
of algae debris and to ensure low microbiological contamination of the culture medium
in each tank, a pressure filter with integrated sponge filter elements and 18-W UV-C-filter
(CPF-15000, Varan Motors, Weiswampach, Luxembourg) was used. In combination with
a flow pump (Hailea HX8810, Raoping, Guangdong, China), up to 14.000 L of culture
medium passed the pressure-sponge-UV-C filter per day and tank.

2.3. Experimental Setup Long-Term Cultivation—2000-L Tumble Tanks

P. palmata was cultivated over a period of 3 years (2020-2022). At the beginning of
the experiment, approximately 3.1 & 0.2 kg of fresh P. palmata were placed in two 2000 L
tanks with an illuminated surface of 3.14 m? each, resulting in an algal biomass density
of 0.99 + 0.07 g fresh weight (fw) L~!. Seaweed density was kept constant by weighing
biomass every two months and harvesting excess biomass to minimize the self-shading
of seaweed thalli. Tumbling of seaweeds in the 2000 L tanks was ensured by aeration
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using a centralized air injection and air pump (HAP 100, Raoping, Guangdong, China),
releasing approx. 6.3 m® h™! of air at a water height of 0.8 m. Air pumps were activated
according to an automatic timer (Brennenstuhl Comfort-Line, Hugo Brennenstuhl GmbH
& Co KG, Tuebingen, Germany), realizing a daily 12 h activation cycle from 07 a.m. to
07 p.m. The air injection served the movement of algae thalli to the exposed water surface,
according to [24]. No artificial light was provided during the study. The 2000 L tumble
tanks were covered by 1 cm thick transparent polycarbonate plates (Doppelstegplatten,
S&V Stegplattenversand GmbH, Gelsenkirchen, Germany) with a light transmission rate of
82%, resulting in a reduced PAR rate on the water surface of the tank. Temperature and PAR
(photosynthetically active radiation) were measured every 2 h using a data logger (HOBO
Pendant MX2002, Metro GmbH, Diisseldorf, Germany) floating on the water surface in
a third tank without cooling. To keep the temperature of the cultivation medium at an
optimal temperature range between 12-14 °C for the cultivation of P. palmata [25], a cooling
unit (Titan 6000, Aqua Medic, Bissendorf, Germany) was included in the cleaning circuit of
the culture medium per tank. However, as the cooling unit only prevented an increase in
the temperature in the summer months, lower temperatures during winter occurred.

As a nutrient supply, Provasoli Enrichment (PE) was provided once a week using a
peristaltic pump (MP2-B, MicroDos Ltd., Rieti, Italy). PE was prepared according to the
recipe given by [26]; however, the PE used did not contain Tris buffer and was used in
tenfold concentration in order to avoid a decrease in salinity of the artificial medium due to
long-term lack of medium replacement.

2.4. Experimental Setup Batch Tests—2-Liter Beakers

Prior to the beginning of the batch tests, diseased P. palmata thalli had been pre-
incubated in a 160 L polyethylene tank for two weeks to eliminate the possibility of
acclimation processes during the experiments. Here, the artificial conditions were a pH of
8.2, with 2 mL PE L~ cultivation medium per week (equals 1 x PE), a photon flux density
of approx. 150 + 8 pumol photons m~2 s~ measured at the water surface and 13 + 1 °C as
temperature of the medium. Fresh biomass density was approx. 2.35 + 0.42 g fw L.

To study the effect of different cultivation conditions on the diseased thalli of P. palmata,
tests were conducted using 2 L glass beakers (Simax Beaker, Kavalirglass A.S., Praha, Czech
Republic). Three randomly selected, visibly diseased thalli were placed in each glass beaker
filled with 1.7 L of artificial seawater medium. Every test group (V1-V6) was in triplicate.
Tumbling of algae in the glass beakers was provided via glass tubes attached to an air pump
(HAP 100, Raoping, Guangdong, China) supplying approx. 0.27 m3 h~! of air. Cold-white
fluorescent tubes (Master TL-D Super 80, Osram, Miinchen, Germany) were used for the
irradiation of beakers. Air pumps were activated in accordance with the automated 24-h
light-dark cycle of 12:12 h. The culture medium was kept constant at 13 °C using a water
chiller (Hailea HC-250A, Raoping, Guangdong, China). Photon fluence rate (PFR) was
determined at the beginning of each test by measuring PFR on the water surface in the
center of each beaker using a photon meter (LI-192, LI-190R, Li-Cor, Lincoln, NE, USA).
Temperature and pH were measured every 10 min using a pH-temperature logger (Hobo
Pendant pH-Temp, Metrics GmbH, Hagen, Germany). At the beginning and the end of
each test run, the number of green/white spots and galls on the thalli were manually
counted column by column from the frond base to the tips of the thalli. Measurement of
the diameter of spots was performed using a ruler (Figure 1). Already formed holes were
not counted.

Test conditions included pH levels of 7.5 and 9.1, different nutrient levels of 1 x PE (2 mL
PE per L™!) and 3 x PE (6 mL PE L), different biomass densities of 4.85 4- 0.47 g fw L1
compared to 2.35 & 0.33 g fw L~ 1. Each test had a duration of 4 weeks and was performed
at three different photon flux densities of 50 + 7, 150 & 8, 250 + 19 umol photons m 2 s~!
(Table 1). Regarding the test of different pH conditions, a combined pH meter and pH
controller (pH 201, OCS.tec GmbH Co& KG, Neuching, Germany) was used to measure the pH
every 10 min. To increase or to decrease the pH to the required level of 9.1 or 7.5 respectively,
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the cultivation medium was fed with 10% NaOH or 10% HCI (Carl Roth GmbH & Co. KG.,
Karlsruhe, Germany) respectively, using peristaltic pumps (MP2-B, MicroDos Ltd., Rieti, Italy),
which were electrically operated by the pH controller. As the control group, three diseased
thalli of P. palmata were placed in glass beakers using the culture conditions of the incubation
period in each respective test run: pH-level 8.2, 1 x PE, 2.35 & 0.33 g fw L~!, with photon
flux densities according to the specific test run.

Figure 1. Direction of manual counting (white arrows) and measuring of spots column by column
from the frond base to the tip of the thalli; holes were not counted.

Table 1. Batch test of 2 L beakers with test groups (V1-V6) and control. Control and tests were
performed under photon flux densities of 50, 150, and 250 umol photons m2s 1, Test parameters
included pH of 7.5 and 9.1, biomass density of 4.85 + 0.47 g fw L~! and 2.35 & 0.33 g fw L1, as well
as nutrient levels of 1-time and 3-times PE. Each test was performed in triplicate.

Tested at PAR of 50, 150, ph-Level Biomass Density [g fw L—1] Nutrients Supply (PE)
and 250 pmol m~2 s~1 7.5 8.2 9.1 2.35 + 0.33 4.85 + 0.47 1 x PE 3 x PE
control X X X
Vi X X X
V2 X X X
V3 X X X
V4 X X X
V5 X X X
V6 X X X

2.5. Microscopy Analysis

Light and fluorescence microscopy was conducted on P. palmata thalli fixed in 4%
paraformaldehyde (first batch; date of harvest: March 2021) and 2.5% glutaraldehyde
(second batch; date of harvest: January 2022). The fixed algal material was hand-cut in semi-
thin transverse sections using razor blades. Bright-field and fluorescence observations (FITC
filter Leica L5, Leica Biosystems Nussloch GmbH, NufSloch, Germany) were performed on
an inverted fluorescence microscope (Leica DMI 8), and images were taken with a digital
camera (Leica DMC 4500, Leica Biosystems Nussloch GmbH, NufSloch, Germany).

2.6. Chlorophyll Fluorescence Analyses

To assess the possible effects of an infection of P. palmata on the photosynthetic effi-
ciency and on the fluorescence quenching of the thalli, chlorophyll fluorescence analyses
(PAM-2000, Heinz Walz GmbH, Effeltrich, Germany) were conducted only on randomly
selected thalli of P. palmata in the 2000 L tanks. Fluorescence analyses were conducted on
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diseased areas, apparently healthy thalli, and healthy tissue in the direct vicinity (perimeter
of 1-1.5 cm) of a diseased area. Rapid light curves (RLCs) were established for PFR ranges
from 0 pmol to 363 pmol m 2 s~ 1. After 30 min of dark acclimation, the initial fluorescence
signal (Fo) and the maximal fluorescence of the dark-acclimated sample (Fm) were mea-
sured [27]. Based on the variable fluorescence Fv (Fv = Fm — Fo) and Fm, the potential
maximum photochemical efficiency, which equals the potential maximum quantum yield of
electron flow through PS II, was calculated as Fv/Fm [28]. The actual or effective quantum
yield of electron flow through PS II (Y(II)) was calculated as

Y(II) = (Fm’ — F)/Fm’

where Fm’ was the maximal fluorescence signal after a short (0.8 s) saturating pulse,
and F was the actual fluorescence signal of continuously irradiated samples. The actual
photosynthetic electron transport rate (ETR) was determined as

ETR = PFR x Y(II) x 0.5 x AF

where AF (set to 0.57 according to [29] was the incident light conversion efficiency of pho-
totrophs [30-32]. The RLCs were analyzed according to [33] using the equation described
by [34]. The following three parameters were derived from the fitted RLCs: maximum
electron transport rate (ETRmax), the initial slope of light curves (alpha), which reflects the
maximum light harvesting efficiency, and PFR at which ETR was light saturated (Ik), i.e.,
the ratio of ETRmax to alpha.

In addition, quantum yields of regulated (Y(NPQ)) and non-regulated (Y(NO)) non-
photochemical energy dissipation of PS II were calculated according to [35] as

Y(NPQ) = (F/Fm’)/(F/Fm) and Y(NO) = F/Fm

2.7. Statistics

Data of fluorescence parameters Y(II), Y(INPQ), Y(NO) as well as ETRmax, Ek, alpha of
infected and healthy tissue as well as tissue in the vicinity of an infection were statistically
evaluated regarding the differences of the means with a confidence interval of 95%. A
univariate ANOVA (Tukey test, p < 0.05) was used for the statistical analysis of each
respective health status of a thalli (healthy, infected, and vicinity of an infection) and
between the different health statuses using Origin 8G (OriginLab Corp., Northampton,
MA, USA). Data on the size of spots under different cultivation conditions were tested
using a two-sample F-test to test the two populations at the start and end of each test
group regarding homogeneity. A paired sample T-test was used to test data for significant
differences with a confidence interval of 95% regarding the size of spots and galls between
the start and end of each test run in each test group. Data on changes in the number of
spots and galls were not tested statistically.

3. Results
3.1. Temporal Occurrence and Changes in the Phenotype of P. palmata during
Long-Term Cultivation

P. palmata was cultivated over a time period of 2 years, whereas the first visual indi-
cators of a possible disease were detected in October/November 2020, one year after the
beginning of cultivation in tumble tanks. Phenotypic changes were first visible as randomly
shaped, but mostly circular shaped galls with a diameter of approx. 1-2 mm on the thalli
(Figure 2d, right arrow). However, some thalli showed only homogeneous green spots of
approx. 0.5-2 mm in diameter and no galls (Figure 2d, left arrow) as a first visual indicator
of a disease. With a time of approx. 1-2 months, the galls increasingly developed into
flat or sunken structures (Figure 2c), with greenish-white spots forming in the center of
the galls, whereas the green spots increased in size (Figure 2b,e). In general, the galls and
green spots were located randomly on the surface of the thalli. There was no clustering
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at peripheral areas of the thalli. In later stages, the green spots or greenish-white areas
extended and increasingly formed white circular or randomly shaped plaques of 1 cm or
above (Figure 2b). In the final stage, the tissue within the white plaque was physically
weakened, assumingly by the tumble cultivation, and finally disrupted, forming holes
(Figure 2a). The thalli remained intact as long as the holes were small and not located near
the peripheral area. In this case, epiphytes were occasionally growing on the border areas
of the holes. If the damaged and disrupted area was large, a complete disruption of the
thallus would result. An estimated 30% of the basic population (0.9 &+ 0.19 kg fw) were
infected during peak periods (winter/autumn) and ultimately lost to further cultivation.

Figure 2. Phenotypical changes of P. palmata; (a) formation of holes as final stage; (b) greenish—
white spots; (c) galls developing into flat or sunken structures; (d) first visual indicator as randomly
shaped, but mostly circular shaped galls (right arrow) or as homogeneous green spots (left arrow);
(e) greenish-white spots in the center of the galls or flat structures.

During the two years of cultivation (Figure 3), a visible increase in plaque formation on
the thalli of P. palmata was detected repeatedly from October to December. The frequency
of detected phenotypic changes (galls, green and white spots) increased until March/April.
However, it was not documented whether the quality of the different symptoms changed
from one year to the next. In both years in which infection was detected, galls, green
and white spots, and perforated thalli were detected as the final state of the disease.
Furthermore, the visibly affected thalli were discarded into separate tumble tanks. With the
end of spring, the frequency of detected diseased thalli decreased and was minimal during
the summer months. During summer months, the detected minimal frequency of disease
patterns was approx. 2.3% of total biomass (0.07 &£ 0.011 kg fw). Furthermore, during the
summer months, the perforations, as the final state of the disease, showed a healthy rim
and no signs of an area increase.

Figure 4 shows the temperature profile of the untreated / uncooled cultivation medium
(green dotted line) and the temperature range maintained by the cooling unit (grey shaded
area) during the time period of the observed changes in the phenotypical appearance of
P. palmata in the long-term cultivation vessels.
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Figure 3. Time period of observed changes in the phenotypical appearance of P. palmata during
approx. 2 years of tank cultivation; vertical lines indicate the turn of the years; blue bars indicate time
periods of increased frequency of disease pattern.
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Figure 4. Representation of daily mean temperature (light green line) and moving average of daily
mean temperature (green dotted line) as well as daily average PAR profile (light red line) and moving
average of daily PAR (red line) during the experimental period from 1 September 2020 to 1 July 2022
measured in an outside tanks; optimal temperature range for P. palmata cultivation (grey shaded area)
of 12-14 °C.

3.2. Effects of Varying Cultivation Conditions on Infection of P. palmata

To analyze the possible effect of different cultivation conditions on the propagation
behavior of diseased areas, tests were performed at photon fluence densities of 50, 150, and
250 pmol photons m~2 s~ 1. Different cultivation conditions, which included varying pH
conditions (pH 7.5 in test group V1, V5, V6 vs. pH 9.1 in test group V2, V3, V4), different
nutrient levels (1 x PE vs. 3 x PE) and different biomass densities (~4.85 4 0.47 g fw L~!
vs. ~2.35 + 0.33 g fw L~1) were tested regarding their effect on the size (Figures 5-7) and
number of infections (Table 2). Data of plaque size at 50 umol photons m~2 s~ (Figure 5)
showed a significant (p < 0.05) increase in the size of spots in test groups V2 and V3 between
the beginning and end of the test run. Test groups V2 and V3 were both characterized by
an increased pH and a normal level of nutrients, whereas biomass density was normal in
V2 and high in V3. At 150 umol photons m~2 s~! (Figure 6), data of changes in plaque
size showed no significant differences within the test runs, whereas, at 250 pmol photons
m~2 s~! (Figure 7), plaque size increased significantly for test groups V2, V3, V5, and V6
between the beginning and end of the test run. In this regard, test groups V5 and V6 were
both characterized by a decreased pH and a high level of nutrients. Biomass density was
high in V5 and normal in V6. In general, diseased P. palmata thalli tested at pH 9.1 showed
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an overall loss in firmness of P. palmata tissue, especially the infected areas, as well as
tissue in the direct vicinity of the plaques, which became softer and tended to break more
easily. At 250 pmol photons m~2 s~1, bleaching of all thalli was visible in all test setups,
accompanied by a noticeable increase in the size of galls and green spots, yet without an
increase in the number of infections.
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Figure 5. Average size [mm] with the standard deviation of infected areas at the beginning (black
square) and end (red triangle) of the test runs at 50 umol photons m2gL; represents significantly
different sizes of infections in a specific test group after the test run.
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Figure 6. Average size [mm] with the standard deviation of infected areas at the beginning (black
square) and end (red triangle) of the test runs at 150 umol photons m~2s71,

Regarding the number of infections between the beginning and the end of the test runs
(Table 2), a notable, however not statistically evaluated, increase was detected at 50 pmol
photons m~2 s, counting 11 infections on thalli of P. palmata. No test group showed a
particularly apparent increase in spots. In comparison, at 150 umol photons as well as at
250 pmol photons m~2 s~ 1, the number of new infections in all test runs counted to 5. Thus,
according to our observations, small green spots were more frequently detectable under
low-light conditions.
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Table 2. Counted the number of infections in each test group and control (Contr.) at three different
photon fluence rates (50, 150, and 250 pmol photons m~2s71) and the number of additional infections
that appeared during the test period. Every test was in triplicate (group X.1-X.3) containing three
infected thalli each (X, Y, Z). Infections were counted at the start and the end of the test period.

Number of infections at Additional Number of Infections at Additional Number of Infections at iee

Test Group PAR 50 Number of PAR 150 Number of PAR 250 Additional

Infections Infections Number of

Infecti

Start End Start End Start End nfections
V1.1 6,8,3 78,3 1 5,6,8 5,6,8 0 74,5 74,5 0
V1.2 45,5 45,5 0 6,7,6 6,7,6 0 3,55 45,5 1
V1.3 55,6 5,6,6 1 594 5,10,4 1 7,5,8 7,5,8 0
V2.1 2,84 294 1 8,69 8,69 0 45,8 45,8 0
V2.2 4,6,5 4,6,5 0 8,3,2 9,3,2 1 9,64 9,7,4 1
V2.3 55,8 5,6,8 1 6,4,4 6,4,4 0 429 429 0
V3.1 7,8,3 7,9,3 1 6,7,7 6,7,7 0 4,85 4,85 0
V3.2 5,6,4 5,6,5 1 7,5,9 7,5,9 0 45,7 45,7 0
V3.3 34,3 34,3 0 4,6,7 4,7,7 1 44,7 54,7 1
V4.1 94,2 10,4,2 1 5,7,5 5,7,5 0 4,85 4,85 0
V4.2 4,74 4,74 0 6,5,8 6,59 1 7,3,8 7,39 1
V4.3 7,5,8 7,6,8 1 6,7,3 6,7,3 0 5,6,7 56,7 0
V5.1 4,75 4,7,5 0 10,7,8 10,7,8 0 8,7,8 8,7,8 0
V5.2 7,79 7,79 0 4,85 4,85 0 57,5 57,5 0
V5.3 52,7 6,2,7 1 6,6,4 6,6,4 0 3,7,8 3,7,8 0
Ve.1 6,3,4 6,3,4 0 4,99 499 0 54,6 54,6 0
V6.2 8,3,5 9,3,6 2 11,8,6 12,8,6 1 7,6,7 7,6,8 1
V6.3 3,3,6 3,3,6 0 6,9,6 6,9,6 0 5,64 5,64 0
Contr. 1 4,78 4,78 0 79,8 79,8 0 74,6 74,6 0
Contr. 2 8,73 8,8,3 1 4,7,5 4,75 0 8,5,6 8,5,6 0
Contr. 3 49,5 49,5 0 94,7 94,7 0 5,6,6 5,6,6 0

3.3. Effects of Infection on Photosynthetic Activity and Fluorescence Quenching of P. palmata

PAM measurements of healthy thalli, visibly not diseased tissue in the direct vicinity

of a diseased area, and infected greenish-white areas were tested regarding photosynthetic
activity. Measurements showed a slight, but not significant, decrease in the rate of electron
transport through PSII (ETRmax) and the efficiency of electron transport (alpha) in the
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tissue around a diseased area in comparison to healthy tissue. In comparison, no significant
difference in the saturation irradiance (EK) was detected between healthy P. palmata tissue
and tissue in the vicinity of the disease. However, all photosynthetic parameters of diseased
tissue were significantly (p < 0.05) reduced in comparison to healthy tissue as well as to
parameters of tissue in the vicinity of the diseased area (Table 3).

Table 3. Mean values of maximum electron transport through PSII (ETRmax), saturating irradiance
(Ek), and efficiency of photosynthetic electron transport (alpha) of healthy tissue, tissue area in the
direct vicinity of infection, and infected areas of P. palmata; 5 different measurements at healthy tissue,

1

infected tissue, and tissue around the infected area (n = 5); represents significant differences
(p < 0.05) between values of healthy tissue and infected tissue as well as between healthy tissue and

tissue in the vicinity of an infection.

Healthy Tissue
ETRmax alpha Ex
Mean value 23.03 0.187 123.45
SD 2.51 0.010 16.75
Tissue around the infected area
ETRmax alpha Ex
Mean value 21.19 0.173 123.47
SD 1.77 0.018 10.71
Infected tissue
ETRmax alpha Ex
Mean value 12.80 * 0.138 * 9291 *
SD 1.45 0.012 5.65

The actual quantum yield of electron transport through PSII (Y(II)) was significantly
decreased (p < 0.05) in the infected tissue in comparison to areas in the direct vicinity of
infection and to healthy thalli for the whole PAR range (Figure 8). Significant differences
were also identified for Y(II) in the lower PAR range (0-116 umol photons m~2 s~ 1) between
tissue in the direct vicinity of the infection and healthy tissue. Similarly, the nonregulated
non-photochemical quenching Y(NO) was significantly increased (p < 0.05) only in the
lower PAR range (0-75 umol photons m~2 s~!) in infected areas in comparison to the
healthy areas and healthy areas in the vicinity of infection (Figure 9). The regulated non-
photochemical quenching (Y(NPQ)) of infected tissue was significantly decreased (p < 0.05)
nearly in the whole tested PAR spectrum (43-363 pumol photons m~2 s~!) compared to
Y(NPQ) of healthy tissue. Y(NPQ) of tissue in the direct vicinity of an infection compared
to Y(NPQ) of healthy tissue was lowered and significantly reduced (p < 0.05) in the higher
PAR range from 112 to 363 umol photons m~2 s~! (Figure 10). Thus, the regulated heat
dissipation, which is a regulated dissipation of overexcitation of reaction centers, is also
mitigated in the vicinity of the infected region.

3.4. Preliminary Microscopy Investigation of Diseased P. palmata Thalli

Macroscopic initial observations of P. palmata material showing signs of disease re-
vealed several phenotypes: wart-like structures, areas of thickened P. palmata tissue (cf.
Figure 2), and green spots. Those regions were subsequently investigated via microscopy
and compared to control P. palmata material without any visual indicators of disease. Ar-
eas of the thalli showing spots and warts were significantly thicker compared to thalli
sections without any sign of disease (Figure 11a,b). Cross-sections revealed the presence
of opaque grey or brownish medulla cells in the thickened parts of the P. palmata thallus
(Figure 11b). Those cells were highly prominent in number and restricted to the diseased
parts of the P. palmata thallus (Figure 11c). In some cases, they were also found in the
close vicinity of the diseased part. Healthy areas of the P. palmata thallus showed clear
medulla cells (Figure 11d), as in the case of healthy P. palmata material. The opaque medulla
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cells showed green autofluorescence, which was absent from healthy medulla cells and
indicated intracellular granular structures of various sizes (Figure 11e).
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Figure 8. Mean values of effective quantum yield of electron transport through PSII (Y(II)) with
increasing irradiance of infected P. palmata tissue (red circle) in the vicinity of infected tissue (black

s

triangle) and visibly healthy tissue (green square); at red circles represent significant differences

(p < 0.05) of infected thalli in comparison to healthy tissue and to tissue in the vicinity of an infection;
ey

at green squares represent significant differences (p < 0.05) of healthy thalli in comparison to tissue
in the vicinity of an infection.
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Figure 9. Mean values of non-regulated non-photochemical quenching (Y(NO)) with increasing
irradiance of infected P. palmata tissue (red circle), in the vicinity of infected tissue (black triangle)
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and visibly healthy tissue (green square); “*” represent significant differences (p < 0.05) of infected

thalli in comparison to healthy tissue and to tissue in the vicinity of an infection.
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Figure 10. Mean values of regulated non-photochemical quenching Y(NPQ) with increasing irra-
diance of infected P. palmata tissue (red circle) in the vicinity of infected tissue (black triangle) and
visibly healthy tissue (green square); “*” at red circles represent significant differences (p < 0.05) of
infected thalli in comparison to healthy tissue; “*” at green squares represent significant differences
(p < 0.05) of healthy thalli in comparison to tissue in the vicinity of an infection.

Figure 11. Microscopy of diseased P. palmata thalli: Semi-thin transverse section of a diseased area of
the P. palmata thallus (a,b); The diseased area appears greenish and thickened (arrows) compared to
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the adjacent thinner region without any visual abnormalities (dotted arrows); In diseased areas of
the thallus medulla cells appear opaque (arrowheads; b,c); The medulla cells in healthy parts of the
thallus show clear medulla cells (d); Green autofluorescence of opaque medulla cells (asterisk; e);
Granular units can sometimes be observed within those cells (arrows).

4. Discussion

The present study was motivated by the appearance of phenotypical changes after
the first year of a land-based cultivation set-up of the red alga P. palmata. Although the
efforts to link the observed phenotypical changes in P. palmata to a pathogenic organism
did not yet lead to an identification, we present here a preliminary macroscopic description,
test results of chlorophyll fluorescence analyses, and experimental results to determine the
effect of changing culture conditions on pathological symptoms, which should be amended
by future electron microscopy analysis. However, as the identification of the cause of the
phenotypical changes is still pending, the test conditions focused on the mitigation of the
symptoms of infected thalli.

Although diseases and pests of seaweeds have been known for at least 100 years [36],
the scientific knowledge about pathogens, possible causes, and treatments remains in-
complete [14]. However, phenotypical changes in seaweed, as well as declining yields of
produced seaweed, are known to be caused by diseases and pests [11,14,37] or by abiotic
and external changes in the cultivation conditions [38]. Pests like grazers, epiphytes, and
biofoulers can cause the detected seaweed changes and crop losses [39] or be the conse-
quence of a previous impairment of macroalgae [18,39,40]. Diseases caused by viruses,
bacteria, fungi, or endophytes can also be responsible for phenotypical changes in sea-
weed or production losses [18,41,42]. Additionally, climatic changes might stimulate the
vulnerability of seaweed to disease agents and pests [14,37].

Regarding the detected pathological changes of P. palmata, it was shown that ob-
served cell proliferation of cortical and medullary tissue led to the formation of galls and
cushion-like structures similar to hyperplasia symptoms of terrestrial plants [14,37]. These
symptoms were sometimes followed by necrosis of the proliferated areas and adjacent
tissue, resulting in the formation of holes. According to [37], it can be assumed that these
symptoms, which are remotely similar to the pathological symptoms of the “red rot dis-
ease”, “chytrid blight”, or “Anaaki disease” [14], might be caused by bacterial pathogens
or oomycetes as found for the red algae Porphyra yezoensis [43-45]. However, in addition
to the formation of galls, green and white spots were detected on the thallus of P. palmata.
Similar pathological phenomena were found in P. yezoensis, P. tenera, and P. dentata, caused,
however, by a chloroplast virus [10], resulting in a disease known as “green spot rot” [14].
Regarding the appearance of green spots, it was found that the marine fungi Mycaureola
dilseae causes similar circular necrotic lesions of the algal tissue in Dilsea carnosa as found
within this study [46]. Another case is described by [47], where a pathogenic bacteria is the
cause of a disease in which decaying spots form on the thallus of Undaria pinnatifida.

Based on these findings, it might be possible that different and independent factors
led to the detected symptoms of galls, cushions, and green and white spots. However,
the formation of galls and necrosis might also be caused by obligatory or facultative algal
endophytes [37]. In this regard, a simultaneous or secondary infection/colonization of
fractures or separation areas by pathogens cannot be excluded, which means that the cause-
and-effect relation might be more complicated to clarify [48]. Furthermore, similar to the
results of [17] on the red algae Kappaphycus alvarezii and considering the detected seasonal
variability of the pathological changes of P. palmata, it can be assumed that an epiphytic
infection might also take part in causing the symptoms [49]. In this regard, [17] showed a
relationship between abiotic factors like salinity and temperature and the occurrence of
pathological changes in K. alvarezii. Accordingly, our study might indicate an interrelation
between seasonality and the occurrence of the pathogen. Therefore, specific abiotic factors
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and, more specifically, changing abiotic factors might lead to a dysbiosis of the algal
microbiome and a proliferation of virulent agents [50]. Thus, in summer, the occurrence of
pathological changes in P. palmata decreased and increased in the winter. As salinity and
nutrient supply were unchanged during the year, light quantity, quality, and temperature
might be partly responsible for the detected changes. Furthermore, according to [17]
and [51], drastic changes in these abiotic factors can trigger or stimulate the increase of
symptoms of bacterial and endophytic infections. Similarly, quickly altering environmental
conditions could also lead to stressful abiotic conditions, which in turn might cause an
overall weakened state of the seaweed.

In small-scale tests, we demonstrated a significant effect of light quantity on the size
of the infected area. At low-light test conditions, the size of infected areas was significantly
increased in test groups with an elevated pH and a normal nutrient supply. In comparison,
in all the other test groups, regardless of pH and nutrient supply, the size of the infection
remained unchanged. The test results under low-light conditions showed, in general, a
notable, though not statistically evaluated, increase in the number of infections.

In comparison, under high-light conditions, the size of infected areas significantly
increased as well, both in test groups with lowered and elevated pH and also in test groups
with normal and increased nutrient supply. However, the number of infections under
high-light conditions was notably decreased in comparison to low-light conditions. Thus,
it can be assumed that low-light conditions might affect the number of infections, whereas
high-light conditions might influence the size of infected areas. At medium-range light
conditions, there was only a negligible increase in the size of infected areas in the control
and all test groups—independently of the nutrient level or the tested biomass density.
Additionally, there was a similarly low number of additional infections during the test
period at medium-light conditions. Thus, it can be assumed that light quantity might be
the most important factor for the propagation behavior of the infection, whereas the pH
level might be secondary, nutrient level, and biomass density of minor relevance, similar to
the findings of [52].

It seems that the observed increase and decrease of pathological symptoms of P. palmata
in the 2000 L outdoor tanks might be due to seasonal changes in light quantity. Similarly,
changes in light quality and temperature—though not tested within this study—could
also influence the occurrence of pathological changes in P. palmata as described for Fucus
vesiculosus [53].

The results of chlorophyll fluorescence measurements of the P. palmata clearly showed
the photosynthetic damage of the diseased area in comparison to healthy thalli. Diseased ar-
eas showed a significant drop in the photosynthetic capacity (ETRmax) and light-harvesting
efficiency (alpha) together with a decrease of photochemical quenching Y(II) and reduced
regulated photoprotective mechanisms for energy dissipation Y(NPQ). Additionally, a
significant increase of Y(NO) emphasized the reduced capacity of infected thalli of P. pal-
mata to adequately use light energy either for photosynthesis or to dissipate light energy
via regulated photoprotective processes [35,54]. In comparison, photosynthesis of tissue
in the direct vicinity of a diseased area was only slightly reduced in comparison to the
control group, hence pointing out the limited effect of the detected pathological changes
on photosynthetic activity. Similarly, the quenching ability of tissue in the direct vicinity
of a diseased area was slightly increased in the case of Y(NO) in comparison to healthy
tissue, indicating only a slight effect of the disease on the non-regulated non-photochemical
quenching ability of the surrounding tissue. However, the Y(NPQ) of the tissue in the
direct vicinity of a diseased area was already significantly reduced in comparison to healthy
tissue, suggesting an already existing effect of the unidentified pathogen on the regulated
quenching capabilities of the surrounding area.

5. Conclusions

The investigation of abnormalities and phenotypical changes is of the utmost impor-
tance as part of the successful establishment of an economically feasible algal cultivation.
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Pathological changes, as observed in P. palmata for over 2 years, lead not only to reduced
photosynthesis but also to weakened tissue and ultimately to losing the cultivated seaweed.
Cultivation tests, as well as observations, showed that, in particular, the light quantity was
of primary importance for the propagation behavior of the infection, whereas the pH level
might be of secondary, nutrient level, and biomass density of minor importance for the
formation of galls and green spots. However, as no biomolecular tests were performed
during this study, future examinations have to include molecular biological analyses to
determine the agent responsible for the pathological changes. Additionally, more tests
are needed to determine (a) a possible seasonality of the infection, as it remains unclear
whether the proliferation of the pathogen might be stimulated via a specific abiotic factor,
and (b) precise countermeasures in the cultivation procedure to avoid the propagation of
the disease if they occur, as well as (c) measures to further lessen the symptoms of the
disease if an infection occurs. In this context, a land-based cultivation facility might offer
the advantage of limited varying abiotic factors compared to sea-based cultivation, which
can facilitate the identification of the causative agent and the establishment of suitable
prevention and treatment strategies.
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