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Phytohormone abscisic acid (ABA) plays significant role in many physiological processes and response of plants
to abiotic and biotic stresses. Phytopathogenic fungi also produce ABA, but the role of this trait in interactions
with host plants is poorly understood. In this work 65 collection strains of phytopathogenic fungi (13 genera,
25 species) were screened for ABA production in batch culture using a modified potato dextrose (MPD) and
original chemically defined (OCD) media. Analysis of ABA content was carried out by ultra-performance liquid
chromatography. Thirty-four strains belonging total of 13 species produced ABA growing on MPD medium, and
among them nineteen strains also produced ABA growing on OCD medium. A maximum ABA concentration
was detected in MPD culture fluid of strain Apiospora montagnei MF-R13.8 (56.5 £ 0.1 ug L~'), whereas strain
MF-S41.5 of the same species was the most active ABA producer (13.4 + 1.1 ug L") growing on OCD medium.
For the first time ABA was detected in species Alternaria tenuissima, Apiospora montagnei, Bipolaris sorokiniana,
Fusarium avenaceum, F. solani, Pythium ultimum, Sclerotinia sclerotiorum, and Sclerotium varium. No correlation
between the ability to produce ABA and host plant, plant organ of isolation or region of strain origin was found.
In agar dish culture three tomato cultivars were inoculated with strains of Fusarium solani or F. oxysporum differ-
ing in ABA production in vitro to test relationship between the ability of fungi to produce ABA and to appear neg-
ative effects on plants. Generally, ABA production didn’t correlate with the effects of fungi of tomato roots, with
one exception that ABA production by F solani strains negatively correlated (r = —0.82, P = 0.046, n = 6) with
root length of cultivar Ailsa-Craig. The results suggest possibility for the role of fungal ABA as a positive modu-
lator of pathogenesis, but manifestation of this effect depends on plant genotype and fungus species. The selected
ABA-producing strains can be used to study mechanisms underlying involvement of fungal ABA in plant-mi-
crobe interactions.
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INTRODUCTION similates between root and shoot, growth inhibition,

Abscisic acid (ABA) is a phytohormone playing sig- seed ripening, as well. as in plapt responses to abiotic
nificant role in many physiological processes in plants, stresses, particularly via regulation of stomata conduc-
including seed and bud dormancy, flowering, root tance (Davies, Zhang, 1991; Dodd, 2005; Sah, Reddy,
growth, leaf shape and senescence, distribution of as- 2016). In plants ABA is biosynthesized from carot-
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enoids 9-cis-violaxanthin or 9-cis-neoxanthin via their
enzymatic cleavage to xanthoxin followed by subse-
quent multiplied biochemical steps and finally con-
verting abscisic aldehyde to ABA (Taylor et al., 2000;
Oritani, Kiyota, 2003).

At the same time ABA was detected in microorgan-
isms such as bacteria, algae and fungi (reviewed by
Hartung, 2010). Many phytopathogenic fungi produce
ABA in vitro and information about these fungi includ-
ing taxonomic position, growth medium and condi-
tions used for batch cultures, ABA concentrations in
culture fluids and host plants is summarized in Table 1.
Up to now total of eight genera and 14 species of phy-
topathogenic fungi were described as ABA producers.
ABA biosynthesis in fungi was overviewed by Oritani
and Kiyota (2003). Briefly, fungal species unable to
synthesize 9'-cis-neoxanthin can form ABA directly via
farnesyl-diphosphate and different ionylidene deri-
vates, but when 9'-cis-neoxanthin is synthesized its
converts to abscisic aldehyde and then to ABA. Anoth-
er pathway is related to oxidative cleavage of a carot-
enoid precursor (92)-y-carotene to various forms of
v-ionylideneacetic acid and then to ABA (Oritani,
Kiyota, 2003).

The reports describing ability of phytopathogenic
fungi to produce ABA aroused interest in the study the
role of this trait in interactions between phytopathogen
and host plant. It was shown that ABA increased the
susceptibility of rice to Magnaporthe oryzae (Matsumo-
to et al., 1980), soybean to Phytophthora sojae (Mohr
and Cahill, 2001), tomato to Botrytis cinerea (Auden-
aert, et al., 2002) and Arabidopsis thaliana to Perono-
spora parasitica (Mohr and Cahill, 2003). Low tem-
perature condition increased ABA biosynthesis mak-
ing rice plants susceptible to Magnaporthe grisea (Koga
et al., 2004). ABA suppressed the activity of phenylal-
anine ammonia-lyase catalyzing the synthesis of poly-
phenyl compounds involved in defense mechanisms at
the transcriptional level (Ward et al., 1989). Suppres-
sion of pathogen defense responses related to jasmon-
ate-ethylene (Anderson et al., 2004) and salicylic acid
(Audenaert et al. 2002) signaling pathways by ABA was
also reported. It was also shown that ABA stimulated
spore germination in Botrytis cinerea (Marumo et al.,
1982) and mycelium growth of Ceratocystis fimbriata
ABA (Stopinska, Michniewicz, 1988). On the other
hand, it was shown that ABA increased resistance of
Arabidopsis thaliana to Alternaria brassicicola and Plec-
tosphaerella cucumerina via stimulation of callose
deposition in a border area with infection zone (Ton,
Mauch-Mani, 2004). Stomatal closure caused by high
ABA concentrations may prevent invasion of phyto-
pathogens into plant tissues (Asselbergh et al., 2008).
Review of these contradictory results leaded to a con-
clusion that the control of disease resistance by ABA is
very complex phenomenon varying from positive to
negative depending on fungal and plant species, the
timing of infection, growth conditions, presence of
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abiotic stresses and other unknown factors (Asselbergh
et al., 2008; Ton et al., 2009).

This work was aimed to screen the collection strains
of different phytopathogenic fungi for ABA production
to find new species having this trait and to find rela-
tionships between ability to produce ABA and their
characteristic features.

MATERIALS AND METHODS

Objects of research. Sixty five strains of phyto-
pathogenic fungi were obtained from the Collection of
the All-Russian Institute of Plant Protection and the
Russian Collection of Agricultural Microorganisms
(RCAM, St. Petersburg, Russia, http://www.arri-
am.ru/kollekciya-kul-turl/). Species affiliation and
origin of the studied fungal strains are shown in Table
2. The stock cultures of fungi were maintained on Cza-
pek-Dox (CD) agar at 4°C. Tomato (Solanum lycoper-
sicum synonym Lycopersicon esculentum Mill.) cultivar
Ailsa-Craig (VIR 1930, England) was obtained from
the Moles Seeds (UK, Ltd) and cultivars (cv.) Altai-
Ground (VIR 2311, Russia) and Early-Uzbekistan
(VIR 4750, Uzbekistan) were obtained from the
N.I. Vavilov Institute of Plant Genetic Resources
(St. Petersburg, Russia).

Growth media. Two liquid media were used for esti-
mation the ability of fungi to produce ABA. The first
medium was a modified potato dextrose (MPD) agar
(Okamoto et al, 1988) supplemented after autoclaving
with 1 mL L~! of a juice obtained from fresh potato tu-
bers. For this purpose, fresh potato tubers were ho-
mogenized using a household mixer and the juice was
collected. Then the juice was centrifuged for 10 min
(3000 g, 4°C), sterilized using 0.2 um filters (Corning,
Germany) and stored at —20°C until use. This modifi-
cation aimed on the enrichment of PD medium with
some putative heat sensitive components which can in-
duce ABA production by fungi, but probably were in-
activated due to autoclaving of a handmade PD medi-
um. The second medium was an original chemically
defined (OCD) medium containing (g L~"): glucose —
10, glutamic acid — 0.2, asparagine — 0.2, aspartic acid —
0.2, serine — 0.2, thiamine — 0.001, MgSO, — 0.2,
KC1 - 0.5, CaCl, — 0.1, KH,PO, — 0.8, FeCl; — 0.05
(pH = 6.0). An autoclaved OCD medium was supple-
mented with sterile solution of micronutrients (uM):
H;BO; — 2, MnSO, — 1, ZnSO, — 3, NaCl — 6,
Na,MoO, — 0.06; CoCl, — 0.06, CuCl, — 0.06,
NiCl, — 0.06. This medium was composed based on
the information available in the literature about chem-
ically defined media used for the study of ABA-pro-
ducing fungi (see Table 1 for references).

Fungi batch culture. Fungal strains were cultivated
for 7 days on CD agar at 28°C. Then water suspensions
containing spores and mycelium pieces in the amount
of 107 colony forming units (CFU) per mL were pre-
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pared via flushing from the agar surface and used as in-
oculum. One mL of the inoculum was added to the
flasks containing 50 mL liquid MPD or OCD media in
two replicates for each strain. The uninoculated flasks
were used as control treatments and for monitoring the
presence of ABA in MPD medium. The flasks were incu-
bated for 20 days at 23°C and lighting of 20 tmol m—2 s~!
with a 12 h photoperiod. The experiments were con-
ducted twice for the strains showing ABA production.

ABA determination. The culture fluids were separat-
ed from mycelium using disposable cotton filters, acid-
ified with 1 N HCI to pH = 3.0 and extracted with
equal volumes of ethyl acetate. The extracts were evap-
orated to dryness at 35°C under vacuum on rotary
evaporator Heidolph Hei-VAP Advantage (Heidolph,
Germany) and the dry residues were dissolved in 0.2 ml
of 18% acetonitrile, followed by filtration through
0.2 wm nylon membrane filters (Corning, USA). Ana-
lysis of ABA content was carried out by ultra-perfor-
mance liquid chromatography using a Waters Acquity
UPLC H-class system (Waters, USA) on a Waters Ac-
quity UPLC BEH Shield RP18 (Waters, USA) col-
umn. Chromatographic separation was carried out for
6 minutes in isocratic mode in 18% aqueous acetoni-
trile containing 0.1% acetic acid followed by a 3 min
flush of the chromatography column with mixture of
80% acetonitrile, 20% water and 0.1% acetic acid. The
flow rate of the chromatographic mixture was 0.25 mL
min~!. ABA was determined using a Waters PDA di-
ode-matrix UV detector at 265 nm by comparison the
retention time and UV spectra (210—400 nm) of ABA
peaks in the standard solution of chemically pure ABA
(0.1 mg mL~!, and Sigma-Aldrich, USA) with the cor-
responding peaks in samples. In the end of experiments
the uninoculated MPD medium contained some
amount of ABA varying from 0.9 to 4.7 ug L~! depend-
ing on the experiment. The source of ABA in MPD
medium was potato tubers used for medium prepara-
tion. The values of ABA concentration in the uninocu-
lated MPD medium were always subtracted from those
detected in the fungal cultures.

Agar dish culture with tomato. Tomato seeds were
surface sterilized by 1% Na-hypochlorite for 15 min
and germinated on a sterile wet filter paper with tap wa-
ter for 7 days at 22°C. Germinated seeds were trans-
ferred to Petri dishes (3 seedlings per dish) with 25 mL
of 1.5% agar nutrient solution (uM): MgSO, - 7H,0 —
500, CaCl, - 2H,0 — 500; K,HPO, — 500, KH,PO, —
210, KNO; — 100, NaFeEDTA — 10, HBO; — 1; Mn-
SO, —1; ZnSO, — 1; Na,MoO, — 0.03; CuSO, — 0.8;
pH 6.3. Each seedling was inoculated with 30 uL of the
above mentioned inoculum. After 10 days incubation
in growth chamber at day/night cycle of 16/8 h and
temperature of 23°C for 7 days all dishes were inspect-
ed and scanned. The obtained images were used to
count the number of lateral roots and to measure total
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root length and using a curvimeter LX-3 (Sprinter,
Ukraine).

Statistical analysis of the data was performed using
the software Statistica version 10 (StatSoft Inc., USA).

RESULTS AND DISCUSSION

Thirty-four strains of 13 species produced ABA
growing on MPD medium (Table 2). The maximum
ABA concentrations were found in the culture liquids
of both strains MF-R13.8 and MF-R41.5 belonging to
Arthrinium arundinis. Nineteen strains produced ABA
growing on OCD medium and the maximum ABA
concentrations were in culture liquids of strains Apio-
spora montagnei MF-S-41.5 and A. arundinis MF-R13.8.
All the strains producing ABA on MPD medium also
did it on OCD medium as well, but among them only
17 strains produced ABA growing on both MPD and
OCD media. The results suggest that the ability to pro-
duce ABA is a wide spread trait among phytopathogen-
ic fungi of different taxonomic groups isolated from
various host plants and environments. Some fungal
species were among previously described ABA-pro-
ducers (Table 1), namely Botrytis cinerea (e.g. Dorf-
fling, Petersen 1984; Inomata-et al., 2004), Fusarium
culmorum (Michniewicz, 1989) and Rhizoctonia solani
(Dorffling, Petersen, 1984). However, for the first time
we detected ABA production in nine species such as A/-
ternaria tenuissima, Apiospora montagnei, Bipolaris so-
rokiniana, Fusarium avenaceum, F. solani, Pythium ulti-
mum, Sclerotinia sclerotiorum, and Sclerotium varium.
Ability to produce ABA highly varied among strains of
the same species. For example, only three of eight Fu-
sarium oxysporum strains and 16 of 19 F solani strains
produced ABA growing on the used media. No cor-
relation between the ability to produce ABA and host
plant (R =—-0.06, P=0.63, n = 65), plant organ of iso-
lation (R =—0.01, P=0, 94, n = 65) or region of strain
origin (R = 0.06, P = 0.66, n = 65) was found. This
suggests that fungal ABA production is not closely as-
sociated with these features. Otherwise, it should be
mentioned that the presence and concentration of
ABA produced by the same fungal strain may signifi-
cantly vary depending on growth conditions and medi-
um composition (Norman et al., 1981; Okamoto et al.,
1988; Oritani, Kiyota, 2003) resulting in the disguise of
such correlations. Indeed, the absence of correlations
between the in vitro studied traits and the natural prop-
erties of biological objects is a well-known fact. The use
of knock-out fungal mutants unable to produce ABA
or the study of expression of genes related to fungal
ABA production in patho-systems may shed light on
this problem.

The agar dish culture was applied with three tomato
cultivars inoculated with six strains of F solani and four
strains of F oxysporum differing in ABA production to
test relationship between the ability of fungi to produce
ABA and to exert negative effects on plants. Similar
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Fig. 1. Effect of Fusarium strains on root length (a) and number of lateral roots (b) of tomato seedlings in agar dish culture. Tomato
cultivars: Ailsa-Craig (VIR 1930) (white fill), Altai-Ground (VIR 2311) (black fill) and Early-Uzbekistan (VIR 4750) (speckled fill).
Treatments: 1 — uninoculated control, 2 — Fusarium solani MF-W483, 3 — F. solani MF-W725, 4 — F. solani MF-W869, 5 — F solani
MF-W1014, 6 — F solani MF-W1100, 7 — F solani MF-W1109, 8 — F oxysporum MF-G58284, 9 — F. oxysporum MF-G58767, 10 —
E oxysporum MF-G59120, 11 — F oxysporum MF-G93656. Bars show standard deviations (n = 3).

agar culture we previously applied to investigate effects
of ABA-utilizing rhizobacteria on growth and tissue
ABA concentrations of tomato cultivar Ailsa-Craig
(Belimov et al., 2014). In this study the strains F solani
MF-W1014 and F oxysporum MF-G58284, MF-G58767
and MF-G59120 significantly inhibited root elonga-
tion (Fig. 1a) and root branching (Fig. 1b) of all three
tomato cultivars. These treatments also resulted in yel-
lowing of roots and significant reduction of shoot
growth (visual observations, data not shown). Root
elongation and root branching was also inhibited after
inoculation of cultivar Ailsa-Craig by F solani 725
(Fig. 1). However, the negative effects of strains F so-
lani MF-W1014 and F oxysporum MF-G58284 and
MF-G59120 on cultivars Altai-Ground and Early-Uz-
bekistan were more pronounced as compared with Ail-
sa-Craig (Fig. 1). In general, the root growth inhibiting
effects of fungi were similar for all cultivars, since cor-
relations between cultivars for root length (r > 0.75; P<
<0.012; n = 10) and root number (r > 0.76; P < 0.011;
n = 10) were significant. This suggests similarity in
mechanisms of growth inhibiting effects of the studied
strains. It is known that F solani and F oxysporum
cause disease of various crops, including tomato
(Imazaki, Kadota, 2015; Akbar et al., 2018). Most
probably the root growth inhibition observed in our
study on the inoculated tomato seedlings was due to
fungal phytotoxins, particularly fusaric acid which
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causes negative effect on plants (Bohni et al., 2016; Lo-
pez-Diaz et al., 2018).

Generally, ABA concentration in culture fluids did
not correlate with the effects of fungi on tomato roots,

Effect on root lenght, %
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Fig. 2. Linear regression curve (dash line) showing correla-
tion between abscisic acid production in vitro by Fusarium
solani strains and their effect on root elongation of tomato
cultivar Ailsa-Craig (VIR 1930) in agar dish culture.
Strains: I — F solani MF-W483, 2 — E solani MF-W725,
3 — F solani MF-W869, 4 — F solani MF-W1014, 5 — F. so-
lani MF-W1100, 6 — E solani MF-W1109. Dotted lines

show regression confidence area at P = 0.05.
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with one exception that ABA production by F solani
strains negatively correlated (r = —0.82, P=0.046, n =
= 6) with root length of cultivar Ailsa-Craig (Fig. 2).
The latter observation is in line with previous reports
showing the important negative role of fungal ABA in
plant disease resistance (Asselbergh et al., 2008; Ton
et al., 2009). Whether ABA production is associated
with production of some toxins by such fungi needs
more detailed study.

CONCLUSION

In conclusion, we have detected ABA in culture flu-
ids of nine fungal species, for which this property was
not previously described, and expanded the species list
of ABA-producing phytopathogens. A high variation in
the ability to produce ABA was present on both strain
and species levels. Production of ABA in a not defined
MPD medium, containing extract of potato tubers,
was found in more strains and it was generally higher
compared with a defined OCD medium. However, the
presence of ABA in the uninoculated MPD medium
should be taken into account when assessing the ability
of fungi to produce ABA. The absence of significant
correlations between ABA production and the studied
characteristics of strains suggest high complexity of this
phenomenon. However, the negative correlation ob-
served here between ABA production by F solani
strains and root length of Ailsa-Craig gave new original
information about the role of fungal ABA as a positive
modulator of pathogenesis. The selected ABA-pro-
ducing strains can be used to study mechanisms under-
lying involvement of fungal ABA in plant-microbe in-
teractions.

The work was supported by the Russian Science
Foundation (grant N 17-14-01363).
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duroropMoH abcuu3soBas Kucyiora (ABK) urpaet 3HaUMTETbHYIO POJIb BO MHOTHX (DU3UOJIOTUYECKUX MPOLIEC-
cax M peakllMu pacTeH!i Ha abMoTUYeCKUe U OMoTHYeCcKue cTpeccopbl. DuTonaToreHHbIe rpuObl TaKXKe MPo-
nympyioT ABK, HO pojib 3TOro nmpusHaka BO B3aMMOACHCTBUSIX ¢ PaCTEHUSIMHU-X03sieBaMU TIJIOXO M3y4eHa.
B 571011 pabote 6bLI IIPOBEAEH CKPUHUHT 65 KOJUIEKLIMOHHBIX IITAMMOB (DUTOIMATOT€HHBIX TPUOOB Pa3IMYHbIX
TakcoHOB (13 poaoB, 26 BUIOB) 1O CITOCOOHOCTHU ITpoayLpoBaTh ABK B eproanyeckoit KyJabType ¢ UCIIONb-
30BaHMEM MoaubuumpoBaHHo kaptodenbHoii (MK) 1 opurmHaibHON XUMUUEeCKU omnpenesieHHoH (XO)
cpen. AHaim3 conepxaHust ABK mpoBoauau ¢ momMoInibio yabTpasdheKTUBHON XUAKOCTHON XpoMaTorpa-
¢un. Tpuouate 4eThIpe IITaMMa, IpUHAIJIEXKaIIe B 001Ieli C10KHOCTH K 13 Bumam, npoayuupoBaiu ABK Ha
cpene MK, u cpeau HUX AeBATHAOUATh IITAMMOB Takxke npoayurpoBaiun AbK Ha cpene XO. MakcuManbHas
koHueHTpaiust ABK 6buta oOHapyXeHa B KyJIbTYpaJabHOM XUIKOCTH 1ITaMMa Apiospora montagnei MF-R13.8
(56.5 = 0.1 mxr/m), a mrramM MF-S41.5 Toro ke Buma GbUT caMbIM aKTUBHBIM MPOIYIIEHTOM Ha cpeme XO
(13.4 £ 1.1 mxr/m). BriepBoie ABK 6b11a 0OHapy:keHa y BUNoB Alternaria tenuissima, Apiospora montagnei, Bipo-
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laris sorokiniana, Fusarium avenaceum, F. solani, Pythium ultimum, Sclerotinia sclerotiorum v Sclerotium varium.
He o6HapyXeHO KOppesiy MeXKIy CIIOCOOHOCTBIO ITpoaylpoBath ABK 1 pacteHeM-X035IMHOM, OpraHOM
pacTeHusl, U3 KOTOPOTO ObLI U30JIMPOBAH IPUO MM PETMOHOM MPOUCXOXKIEHUS IITaMMa. B yciioBusix arapo-
BOii KyJIbTYpPHI TPU COPTa TOMAaTOB MHOKYJIUPOBaAIU tamMmmamu Fusarium solani vnu F oxysporum, oTin4aro-
mumucs npoaykuneit ABK in vitro, niist mpoBepKy B3aMMOCBSI3U MEXIY CITIOCOOHOCTBIO IPUOOB BEIpAGaThIBATh
ABK u oka3pIBaTh HeTaTUBHOE BO3AcKcTBIE Ha pacTeHus. Kak mpaBuio, nponyuupoBanue ABK He koppenm-
poBajio ¢ 3ddekraMu TpubOB Ha KOPHU TOMATOB, 3a MCKIIOUEHWEM HEeraTMBHONW KOPPEISILIMUA MPOIYKIIMU
ABK mrammamu F solani ¢ niuHoi KopHeit coprta Ailsa-Craig (r = —0.82, P=0.046, n = 6). [Tony4yeHHbIE pe-
3yJIbTaThl CBUIETEIBCTBYIOT O BO3MOXHOMI posin rpuoHOoir ABK B KauecTBe MOIOXHUTEIBHOTO MOIYJISITOpA TTa-
TOTeHe3a, HO MPOosBICHME 3TOro 3deKTa 3aBUCUT OT TEHOTHIIA pacTeHUs U Buaa rpuba. OTo6paHHBIE TIPOIY-
mupytomue ABK mtaMMbl MOTYT OBITh UCTIOIb30BAHBI TSI U3YYEHUST MEXaHU3MOB, JIEXKAIIIMX B OCHOBE yya-
CTHSI 3TOTO CBOIICTBA TPUOOB BO B3aUMOIEMCTBUSAX PACTEHUI 1 MUKPOOOB.

Knroueegwie cnoea: adbcii3oBasi KMCI0Ta, TpUObI, TOMAThl, PUTOTOPMOHBI, (PUTONATOTEHbBI
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