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Abstract: Aldrovanda vesiculosa L. (Droseraceae) is a critically endangered and rare aquatic car-
nivorous plant. Growers of Aldrovanda have observed a disorder of shoot apices called “Aldrovanda
disease”. The fungal pathogen of the genera Phytopythium and Pythium of the class Oomycetes was
repeatedly found to probably cause the disease. The pathogen occurs permanently in the sedge litter
in aquaria or containers, but the factors responsible for its pathogenicity remain unknown.

Introduction

Aldrovanda vesiculosa L. (Droseraceae) is a critically endangered and rare aquatic carnivorous
plant of the Old World. It is 8-15 cm long, rootless, free-floating, and grows just below the surface
in shallow standing dystrophic waters (Breckpot 1997; Cross 2012; Adamec 2018a). In the last 20
years, it has been the subject of extensive ecophysiological research on photosynthesis, mineral
nutrition, physiological polarity, growth traits, importance of carnivory, winter bud (turion) over-
wintering (for the review, see Adamec 2018a,b) as well as on molecular genetic study (Elansary et
al. 2010). To support its very rapid apical shoot growth (>1 new leaf whorl a day), it has to take up
all necessary mineral nutrients including microelements only from nutrient-poor water or animal
prey, besides having very effective re-utilization of N and P from senescent shoot segments (Ada-
mec 2018b).

Probably, the majority of world growers of Aldrovanda have observed a disorder of shoot api-
ces called “Aldrovanda disease” (Adamec 1997, 2003, 2007). In the world’s largest collection of
Aldrovanda populations in the Institute of Botany at Trebon, Czech Republic, the disease has been
observed every year since 1994. The disorder is manifested mainly as a damage (malformation),
yellowing and, finally, blackening and dying of shoot apices (Fig. 1 left). Due to this disease, the
apical shoot growth is slowed down and later is ceased. Unlike a healthy shoot apex of Aldrovanda,
which is large, onion-shaped and “hairy” due to long spreading bristles (Fig. 1-Inset), the ill one is
small and flat, yellowish, and with less conspicuous, shorter bristles (Fig. 1 right). Earliest, ill shoot
apices form reduced bristles in developing leaves and this is, together with yellowing of the apices,
the first observable symptom of the disease. Later, the apices cease forming new leaf whorls, are
small and narrow and contain yellowish dwarfish leaflets. The internodes within the apex are also
shortened. After several weeks, ill apices become brown-black as a tissue necrosis occurs. At this
state, ill plants usually start forming new branches from leaf axils in older shoot segments. However,
these new branches usually become infected sooner or later. The disease can rarely disappear and
the regenerating axillary branches can be healthy. The disease usually infects gradually all individu-
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Figure 1: (Left) lll E. Polish Aldrovanda plant with the typical beginning apical symptom
of the disease. The inset (upper left corner) shows a healthy shoot apex for comparison.
(Right) Il reddish Hungarian Aldrovanda plants collected from sand-pit at Suchdol
nad Luznici, South Bohemia, Czech Republic, in August 2012. All shoot apices shown
are malformed with short bristles. Il individuals possessing various type of disorder
represented only <2% of all plants. Photos by Lubomir Adamec.

als within an aquarium or even large container and can kill all plants in the culture if not cured. Mod-
erately ill plants can form ill turions, which either rot over winter or cannot sprout in the next spring.
The described “apical symptoms” of the Aldrovanda disease are the most common but not the
only ones: we have also found damage (rotting) of stems, in some cases 12 mm below the shoot
apex (Fig. 2). Infected stems are orange-brown but the apices of such ill plants are smaller and yel-
lowish though without apparent symptoms of malformation. This “stem symptom” is much rarer
than the “apical” one and mainly occurs in small young plants sprouting from turions overwintered
in the refrigerator in the spring. Surprisingly, a similar disease infects also some aquatic Utricularia
species. In the Trebon collection, it strongly infected and killed Asian U. aurea (Fig. 3) or African
U. inflexa, while turion-forming temperate species U. vulgaris, U. macrorhiza, U. australis, and U.
tenuicaulis can be infected much weaker and mainly in association with sprouting of their turions.
Since 1994, when the “Aldrovanda disease” was first observed, valuable pieces of knowledge on
ecological and physiological traits of the disease have been obtained. Firstly, the disease has been
manifested mainly in Aldrovanda cultures, while its field occurrence at nearly-natural artificial
sites (introductions) in South Bohemia, Czech Republic, has been much weaker (Fig. 1). In line,
it has never been observed at natural sites in Poland, Hungary, or Northern Macedonia. Moreover,
in the cultures, it has been much more often observed in large opened cultivation containers (0.8-2
m?) than in small 3-1 aquaria permanently covered by Petri dishes. This suggests that the etiological
agent enters the media with Aldrovanda regularly from the air. The denser the cultures are, the more
often they can be infected. Interestingly, the more cultivated plants are fed on zooplankton and,
thus, the more rapidly they grow, the faster and easier they can be infected. Poorly growing plants
(e.g. shortage of CO,, filamentous algae) are much less infected. In contrast, flowering specimens
are rather sensitive to the disease. Ill plants transferred to an aquarium with healthy plants may not
infect the healthy individuals, but healthy plants transferred to an aquarium with ill plants usu-
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Figure 2: Ill Swiss/German Aldrovanda
plants with typical stem symptoms of the
disease. Ticks represent 1 mm. Photo by
Lubomir Adamec.
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Figure 3: Utricularia aurea exhibiting
symptoms of the disease. Photo by
Lubomir Adamec.
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ally become ill. When ill plants (e.g. Polish) were
transferred to a field site they completely became
healthy in 2-3 weeks. Thus, the infectious charac-
ter of the disease is not too strong.

By 2014, the disease has never been observed
in the field in the Czech Republic, though the
negligible minority of field-grown plants (ca.
<1-2%) sometimes exhibited a damage of shoot
apices similar to the disease in cultures. In 2015
and later on, this disease nearly killed two very
abundant, prolifically flowering micropopula-
tions (4000-6000 plants) of introduced Hungar-
ian Aldrovanda in two small pools in a sand-pit
complex near Suchdol nad Luznici, South Bo-
hemia, Czech Republic (for the site, see Cross
2012; Cross et al. 2016; Fig. 1 in Adamec 2018c).
Here, clearly ill plants represented ca. 10-20% of
all individuals (Fig. 1). In these sand-pit pools,
the boom of the disease was evidently associ-
ated with hot and dry summer seasons when the
pools were not discharged (drained) regularly by
rainwater coming from the terrace. It can thus be
concluded that an unknown etiological agent is
commonly transferred by the air, but at the most
field Aldrovanda sites, its abundance (and thus
infectivity) is controlled by unknown ecological
factors (e.g., filtration by zooplankton, drifting
away by discharging water). Whereas in stagnant
cultures in aquaria or containers, the agent is not
controlled and can propagate to cause the dis-
ease. Moreover, physiological state of the plants
(rapid growth, flowering vs. poor conditions) is
also responsible for the infectivity or sensibility
of the plants. Finally, the disease has been known
by many Aldrovanda growers over the world: in
Europe, USA, Japan, as well as in Australia.

Since 1994, we have tried to ascertain the rea-
sons of this disease. As the disease infects rapidly
growing shoot apices but no visible parasites have
been found in ill apices, a disorder of mineral nu-
trition (deficiency of microelements) was looked
for firstly. Indeed, in some cases, after boric acid
(H,BO,) was added to culture medium at 0.6 mg
I, plant growth resumed and ill shoot apices
returned to good health after a few weeks (Ada-
mec 1997). Yet the boron addition did not cure
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ill plants in many other cases. Further-
more, analyses of boron in Aldrovanda
shoot tissue confirmed no difference in
B content between ill and healthy plants
and the same applied for other essential
microelements (Fe, Mn, Zn, Cu, Mo, Co;
Adamec 2003, 2007). The boron addition
to ill plants could act within cell walls of
shoot apices and change their mechanical
properties (enforcement; e.g., Brown et
al. 2002) and, thus, rendering cell walls
less susceptible to the agent of the disease.

Later, parasitic etiological agents were
looked for. A targeted virus inspection
excluded the presence of several RNA vi-
ruses as the agent of this disease (A. Hehn,
unpubl. res.). In 2004, the renowned Czech ! y p | ;
fungal phytopathologist Prof. Ale§ Lebeda  Figure 4: Regeneration of ill Australian
found an unknown species of amold of the  Aldrovanda plants after three weeks after Topsin
genus Fusarium and of Deuteromycetesas M application. New healthy branches were
potential agents of the disease in ill shoot  initiated from leaf axils and have long bristles.

apices (A. Lebeda, unpubl. res.). This find-  1/Cks represent 1 mm. Photo by Lubomir
Adamec.

ing was supported by the fact that some
fungicides could reliably cure the disease
(Adamec 2007). Out of all tested fungicides, only wide-spectrum Topsin® M (methyl-thiophanate) at
a dose of 50-80 mg 1! reliably cured ill plants (both temperate and (sub)tropical strains), which could
form healthy axillary branches and regenerate during 2-3 weeks (Fig. 4). A preparation Amistar®
(azoxystrobin) at 70-100 mg 1! was also effective but simultaneously damaged the plants themselves
and killed all aquatic snails. Amistar®-Opti (mancozeb) at 100 mg 1! strongly damaged ill plants.
However, the ill plants cannot be treated with the suspension of Topsin M beyond the aquarium or
container for only 2-3 days, but the fungicide must be added to the whole bulk of the culture water.
The aim of the paper is to preliminarily describe the fungal etiological agent causing the A/-
drovanda disease and to discuss important questions relating to further research in this field.

Methods

11l Aldrovanda plants were collected from outdoor cultures of the volume of 3-300 I for which
Carex litter was used as the substrate (Adamec 1997, 2007). Ill Utricularia aurea (from tropical
Asia) was grown similarly in a 3-1 aquarium in an open greenhouse. Soft tap water was used for all
cultivations.

According to visible symptoms, three inspection methods were used. The first one was an immu-
nochemical analytical method ELISA-Phytophthora ImmunoStrip. The method is designed for on-
site testing of plant tissues suspected from an infection with various Phytophthora species. The test
is recommended for use as a preliminary screening tool. It is known to cross-react also with some
species of Pythium. Using this method, it is possible to directly confirm or eliminate the presence
of fungal pathogen of the genera Phytophthora or Pythium in plant tissues (OEPP/EPPO 2006).
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After the results from the first method had been found positive, a cultivation on a nutrient medium
PARP(H) was used as another method. The genera Phytophthora and Pythium (Oomycetes, a non-
photosynthetic group of Stramenopiles or heterokonts, that also contain photosynthetic organisms
like, e.g. brown, golden, and yellow-green algae) are metabolically and phylogenetically different
from the “true fungi* (belonging to the opisthokonts, which are generally non-photosynthetic and
also contain the animals) and this difference has been exploited in the development of a selective an-
tibiotic medium. Relatively low growth rates of isolates of most species of Phytophthora and Pythium
on culture media, as compared with those of many saprophytic fungi and bacteria, often present a
problem. The used medium was selective for both tested genera and contained antibiotics pimaricin,
ampicillin, and rifampicin, which inhibit overgrowing by undesirable faster growing pathogens. For
cultivation on the nutrient medium, parts of plants with visible symptoms of the infection were also
used. The genus Phytophthora belongs to biotrophic organisms and cannot be cultivated from dead
host tissues. It is thus necessary to use only parts from the margin of the infected tissue so that they
contain both ill- and healthy-looking tissue. Surface sterilization of samples is an important step of
any fungal isolation. Therefore, 0.5-1 cm long shoot segments were disinfected in 1% NaOH solution
for 30 seconds, washed in sterile water and placed in a Petri dish with the nutrient medium. The Petri
dishes were placed in the darkness and cultivated at 22-24°C (modified methodology according to
Erwin & Ribeiro 1996). Generally, this approach is recommended for isolation of Oomycetes. After
3-4 days, mycelium and other propagating particles like oospores (sexual spores) or chlamydospores
and sporangia with moving zoospores (asexual spores) occurring inside were observed. In the case,
when only sterile mycelium (without propagating particles) was observed, it was transferred to a
vegetable medium, which supports formation of propagating particles.

However, in some cases, no formation of spores even after transferring to the vegetable medium
was observed and no identification of the sterile mycelium was possible. In these cases, the third
method was used — PCR (polymerase chain reaction) with DNA sequencing of the product. This
method was also used in the last cultivation for mycelium with sexual and asexual spores for deter-
mination within the genus Pythium (OEPP/EPPO 2006).

Results and Discussion

The results of all methods used are summarized in Table 1. In the first year of testing, ELISA
only from damaged Aldrovanda (Switzerland) tissues was positive. Damaged plant material from
Switzerland, Poland, and Australia was also tested by isolation on the nutrient agar. Only sterile
mycelium was isolated from the damaged Aldrovanda tissues even after a re-inoculation on the
vegetable agar as the mycelium did not create any spores. The positive result of the sequencing thus
could not be confirmed by microscopy, but corresponded to a positive result from the ELISA. In the
second year of testing, the ELISA was positive and isolations on nutrient agar were positive, too.
Negative results from ELISAs were probably influenced by using fungicides. The sterile mycelium
was isolated again, but after a re-inoculation on the vegetable agar, it started forming oospores (Fig.
5). The mycelium from all isolations was white, airy and covered the whole Petri dish within one
week. Although the results from different ill materials and the two test years are partly ambiguous,
it can be suggested that the disease could be due to a fungal pathogen from the Pythiaceae family:
either from the genus Phytopythium or Pythium, which are very similar. All isolates were identified
to species using DNA sequencing techniques.

Results of PCR with sequencing were different between the first and second testing year (Table
1). Three different ITS sequences were obtained from the samples and were compared with those
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Table 1. Summary of populations inspected for the Aldrovanda (AV) disease, used methods and
results. The ELISA test detects the genus Phytophthora and selected species of Pythium. *, Ill
plants treated by Amistar about one month before sampling but many smaller plants remained
ill — these were sampled.

Species and ill Date of Disease Plant tissue/ Used methods Result of the
population sampling symptoms pure culture investigation
AV: Switzerland | June 2017 stem Plant tissue ELISA positive
AV: Switzerland | June 2017 stem Pure culture | PCR+sequencing | Phytopythium
oedochilum
AV: E Poland Sep. 2017 apex Pure culture | PCR+sequencing | Phytopythium litorale,
Pythium sterile
AV: SE Australia | Sep. 2017 apex Pure culture | PCR+sequencing | Phytopythium
oedochilum
AV: E Poland June 2018 apex Plant tissue ELISA positive
AV: E Poland June 2018 apex Pure culture | PCR+sequencing | Pythium sp.
AV: Romania” June 2018 stem Plant tissue ELISA negative
AV: E Poland June 2018 apex Pure culture | PCR+sequencing | Pythium coloratum,
P, dissotocum
AV: E Poland July 2018 apex Pure culture | PCR+sequencing | Pythium coloratum,
P, dissotocum,
P, diclinum
Utr. aurea: Asia | June 2018 apex Plant tissue ELISA positive

available in the GenBank database. In 2017, results showed mainly the genus Phytopythium, but
in 2018, they showed only the genus Pythium. In 2017, the found etiological agent (Phytopythium
oedochilum) was the same both for the stem and apical symptom of the disease. Both symptoms can
thus be considered different forms of the same disease caused by the same agent. Moreover, it is
highly probable that the species of Pythium/Phytopythium can also infect ecologically similar (but
taxonomically dissimilar) aquatic Utricularia species and cause a similar disease (Table 1). On the

S 12 . LN
Figure 5: Left: Oospores of Pythium dissotocum, isolation from the shoot apex of
Aldrovanda vesiculosa, E. Poland, mean size 23.8 ym. Right: Oospores of Phytopythium
spp., isolation from the shoot apex of Aldrovanda vesiculosa, E. Poland, mean size 24.2
um. Photos by I. Svobodova.
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other hand, Polish Aldrovanda plants without visual symptoms, thus considered healthy, were tested
as controls. No fungal pathogen was detected on the medium.

Pythium and Phytophthora are two important genera of Oomycetes responsible for causing dis-
eases in a variety of terrestrial plants. Many Pythium species, along with the closely related genus
Phytophthora, are plant pathogens of a great economic importance in agriculture (Jarvis 1992).
Pythium spp. tend to be very generalistic and unspecific in their large range of hosts, while Phy-
tophthora spp. are generally more host-specific. For this reason, Pythium spp. are more devastating
in the root rot they cause in crops, because crop rotation alone often may not eradicate the pathogen:
Pythium spp. also behave as typical saprotrophs and survive on decaying plant matter for a long time
(Owen-Going 2002).

In field crops, damage by Pythium spp. is often limited to the area affected, as the motile zoo-
spores require ample surface water to travel for long distances (Owen-Going 2002). Additionally,
the capillaries formed by soil particles act as a natural filter and effectively trap many zoospores.
However, in hydroponic systems inside greenhouses, where extensive monocultures of plants are
maintained in a continuously recirculating mineral nutrient solution (containing all macro- and mi-
cronutrients), Pythium spp. cause an extensive and devastating root rot, which is often difficult to
prevent or control (Jarvis 1992). The root rot affects entire greenhouse compartments (tens of thou-
sands of plants, in many instances) within two to four days due to the inherent nature of hydroponic
systems where roots are freely exposed to the water medium, in which the zoospores can move
freely (Bagnall 2007).

Species of Pythium can live saprophytically or parasitically. Their parasitic role often depends on
external factors. Under the conditions favorable for the fungus but less for the host, Pythium species
can become very pathogenic and cause rot of fruit, roots or stems, pre- or post-emergence damping-
off of seeds and seedlings. Young or water-rich tissues are preferentially attacked (Plaats-Niterink
1981). Aldrovanda is well-known to have fine and fragile tissues especially in rapidly growing shoot
apices (Adamec 2018a) where the disease starts most frequently.

Phytopythium is a new genus in the family Pythiaceae, order Perenosporales. The genus Phyto-
pythium has been described, but its complete circumscription has not yet been presented. Phytopy-
thium is morphologically intermediate between the genera Phytophthora and Pythium. It is unique
in having papillate, internally proliferating sporangia, and cylindrical or lobate antheridia (Cock et
al. 2015). The species Phytopythium oedochilum (Drechsler) (Cock et al. 2015) was recombined
in 2014 and before, it was described as Pythium oedochilum (Drechsler 1930). Recently, the lat-
ter name is used as a synonym. Similarly, the species Phytopythium litorale (Nechw.) (Cock et al.
2015) was earlier determined as Pythium litorale (Nechwatal & Mendgen 2006). The genera Py-
thium and Phytopythium also attack aquatic plants or can live in aquatic environments. For example,
Phytopythium helicoides has been confirmed as a causative agent of the rhizome rot of Asian lotus
(Nelumbo nucifera) in China (Yin et al. 2016). Several species of both genera were also isolated
from bottom sediments, algae, and decaying plant debris in freshwater streams of Korea (Nam &
Choi 2019).

The questions remain where and how the infection takes place. Is it probably present perma-
nently in Aldrovanda plants or in overwintering turions or only in the ambient culture water or litter?
In such water, no fungal structures reminding Pythium/Phytopythium hyphae or spores have ever
been detected microscopically (Adamec, unpubl. res.). In the spring, once the conditions suitable
for propagation occur, the pathogen begins to spread again in the culture water and the symptoms
appear. Nevertheless, the etiology of the disease and casual infection of Aldrovanda in covered
mini-aquaria may indicate that the pathogen (probably as sporangium) can be spread repeatedly
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by wind. On the other hand, the ELISA confirmed the presence of Phytophthora or Pythium also
in two used samples of Carex litter from two aquaria with both ill and healthy Aldrovanda plants.
This finding may suggest that the etiological agent is present permanently in the submerged litter
as substrate and it is only the physiological condition (susceptibility) of the plants that determines
whether or not they are infected.

Yet the basic question to be answered is why the disease is not present (or very rarely) in field-
growing Aldrovanda plants when the growth conditions are comparable with those in the opened
cultures in larger containers? It is possible to assume that certain biotic factors (e.g., filtration by
zooplankton or other filtrators) permanently reduce the abundance of the pathogen (oospores, Fig.
5) to a minimum in the ambient water at field sites so that the plants are only rarely infected. There-
fore, finding such biotic interactions responsible for eliminating the pathogen in aquatic habitats
could be an effective key for a biological control in Aldrovanda cultures. Otherwise, the propagation
of the Pythium/Phytopythium pathogen in the water is very rapid and a large number of pathogen
spores can infect the plants within a short time. The effect of the biological control of the pathogen
oospores by filtrators could theoretically be ensured by a submersible UV sterilizer with filter pump
used for aquaria (cf. Zhang & Tu 2000). However, a permanent operation of a UV sterilizer (SunSun
JUP-02 Sterilizer, 5 W UV-C) in a 300-1 container with ill A/drovanda plants in a greenhouse did not
cure the plants at all (L. Adamec, unpubl. res.). Yet such a UV sterilizer could effectively reduce the
abundance of pathogen spores and rather prevent the infection of healthy plants.

Conclusions

An immunochemical analytical method, cultivation on nutrient media and PCR with DNA se-
quencing were used to determine the pathogen causing the Aldrovanda disease. Based on these
methods, the fungal pathogen of the genera Phytopythium and Pythium of the class Oomycetes was
repeatedly found to probably cause the disease. To confirm this conclusion, it would be necessary
to perform pathogenicity tests to verify that isolated fungal organisms cause observed symptoms on
plants during their growth. It follows from limited data that the pathogen occurs permanently in the
sedge litter in aquaria or containers, but the factors responsible for its pathogenicity remain unknown.
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