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Bioassay-guided fractionation of the hexane/ethyl acetate/water (H/EtOAc/H,0) crude extract of the
aerial parts of Haplophyllum sieversii was performed because of preliminary screening data that
indicated the presence of growth inhibitory components against Colletotrichum fragariae, Colletotrichum
gloeosporioides, and Colletotrichum acutatum. Fractionation was directed using bioautographical
methods resulting in the isolation of the bioactive alkaloids flindersine, anhydroevoxine, haplamine,
and a lignan eudesmin. These four compounds were evaluated for activity against C. fragariae, C.
gloeosporioides, C. acutatum, Botrytis cinerea, Fusarium oxysporum, and Phomopsis obscurans in
a dose—response growth-inhibitory bioassay at 50.0, 100.0, and 150.0 uM. Of the four compounds
tested, flindersine demonstrated the highest level of antifungal activity. Additionally, flindersine,
eudesmin, and haplamine were screened against the freshwater phytoplanktons Oscillatoria perornata,
Oscillatoria agardhii, Selenastrum capricornutum, and Pseudanabaena sp. (strain LW397). Haplamine
demonstrated selective inhibition against the odor-producing cyanobacterium O. perornata compared
to the activity against the green alga S. capricornutum, with lowest observed effect concentration
values of 1.0 and 10.0 uM, respectively.

KEYWORDS: Haplophyllum sieversii ; Botrytis cinerea ; Fusarium oxysporum ; Phomopsis obscurans ;
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INTRODUCTION decomposition, thereby reducing harm to the environment. Our
Increased microbial resistance to commercially available CUrrent research efforts are to identify natural product-based
agrochemicals has led to a need for new pesticides. Furthermorefungicides and algicides.
the desire for safe and more effective agrochemicals with ~ Since the early 1970s, agricultural communities have struggled
reduced environmental and/or mammalian toxicity remains with the evolution of resistance to antimicrobial agents by
important. Essential to these efforts is the identification of new pathogens. This situation has resulted in an increased need for
promising compounds possessing high levels of desirable repeated fungicide applications that has overshadowed the use
biological activities, reduced toxicities toward nontarget species, of fungicides for plant disease management. To address
new chemical structures, and perhaps, different modes of actionproblems of resistance to pesticides, three strategies have been
to help provide protection from cross-resistance to currently used used as follows: (1) optimization of disease resistance control
agrochemicals1). Natural product-based pesticides offer ad- strategies, (2) discovery and development of antimicrobial agents
vantages in that some can be specific toward a target specieswith new modes of action, and (3) the development of new
and they may also have unique modes of action with little disease-resistant cultivars. One aspect of our research focuses
mammalian toxicity. An additional benefit is their rapid on novel plant-derived fungicides for control of important minor
crop pathogens and pests in agriculture. Pathogens of small fruits
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“Off-flavor” has been estimated to cost the channel catfish containing 1ug/mL L-tryptophan. Mass drift compensations
(Ictalurus punctatus) industry in the United States as much as were performed relative to-tryptophan [M+ H]* and/or [2M

$60 million annually 2). The most common types of off-flavors ~ + H]* ions.

are due to the absorption of the “earthy” and “musty” Com-  pjant Material. The aerial parts ofi. sieversiiplants in the
pounds geosmin and 2-methylisobornoel (MIB), respectively, fioyering stage were collected on June 13, 2003, in Kazakhstan
into the flesh of the catfish. Certain types of cyanobacteria (blue- ;, ihe western part of the Malay-Sary mountain pass and
green algae) Fhat grow in the catfish ponds prpduce geosminsouthwest spurs of Jungar Alatauh, where it grows among
and MIB. Catfish producers must hold market-size catfish that accompanying Ferula-Artemisia species. Perennial green or

are tainted by these compounds until depuration of the off-flavor dovish-colored object by glandular hair plants are-38 cm

occurs. Such delays in harvest increase production costs becausg . .
i, . ; tall. The plant stem is glabrous, solitary, erect, and branched.
of additional feed costs, forfeiture of income from foregone

sales, and lost income from delayed harvest. In addition, catfish Iéesazgsoare bk;oaddandl o;)Iong to Ignceq[latef(gim tl_orr:g Iilnd
held in inventory can be lost from disease, water quality -0 cm broad), glabrous, and acute or bluntish. Flowers

deterioration, and bird depredation are numerous, small, and combined on the top in corymbous

The most common management approach used by catfishblossom clusters. Pe'FaIs are ob_Iong-IanceoIat&,Br’ﬁm Iong,
farmers to control earthy/musty off-flavors is the application a"d Yellow. Capsulais unopening and glabrous with deciduous
of algicides to kill the noxious species of cyanobacteria. In west Nduses. A voucher specimen number 4012a/25-1975 has been
Mississippi (Delta), the leading region of catfish production in deposited in the Institute of Botany and Phytointroduction
the United States, MIB-related off-flavor has been attributed to Herbarium, Almaty, Republic of Kazakhstan.
the presence of the cyanobacteri@scillatoria (Planktothrix) Plant Extraction. Aerial parts (1 kg) were air-dried followed
perornatain the catfish ponds3 4). In addition,O. perornata by grinding in a Willey-Mill plant grinder. Ground plant
has recently been found to be present in catfish ponds in eastmaterial was extracted at room temperature using 6.1 L of
Mississippi and west Alabama (5). The two types of algicides petroleum ether, providing 19.2 g of extractables after evapora-
used by catfish farmers are copper-based compounds (e.g.tion of the solvent. Dried marc was subsequently extracted using
copper sulfate and chelated-copper products) and the herbicides.9 L of hexane/ethyl acetate/8 (54:44:2), providing 20 g of
diuron [N'-(3,4-dichlorophenyl)-N,N-dimethylurea]. Unfortu- extractables following evaporation of the solvents. This process
nately, these chemicals have several negative attributes, includwas again repeated using ethanol (95%) as the extraction solvent,
ing broad-spectrum toxicity toward nontarget organisms, lengthy providing 94 g of extractables. Last, extraction withQH

environmental persistence, and the public’s negative perceptionprovided 109 g of extractables after lyophilization to remove
to the use of these synthetic compounds in food-fish production H.0.

ponds. Because of the lack of selective toxicity of copper-based
compounds and diuron, the entire phytoplankton community can
be poisoned and/or killed, including beneficial types of phy-

toplankton (e.g., green algae). Such massive phytoplankton die-

offs in catfish ponds can result in the deterioration of the water ; . . . .
quality that can subsequently stress and/or kill the catfish. increasing polarity mixtures of hexane/EtOAc in a series of three

In a research program aimed at identifying natural fungicides €@ steps as follows: (step 1) 100:0 to 50:50 using 1200 mL,
and algicides, over 230 different crude plant extracts represent-(StéP 2) 50:50 to 30:70 using 1200 mL, and (step 3) 30:70 to
ing 38 species of plants endemic to the Republic of Kazakhstan 9:100 using 402 mL. Column eluate was collected in 24-mL
have been evaluated. On the basis of these preliminary screening0rtions and, on the basis of TLC similarities, recombined into
results, extracts of the aerial parts frétaplophyllum sieversii 1 fractions (A, 6—13, 428 mg; B, 1423, 4 mg; C, 2426,
Fisch. Et Mey (Rutaceae) were chosen for further investigation. 486 mg; D, 27-30, 76 mg; E, 3133, 150 mg; F, 3445, 335
The genusHaplophyllumhas been extensively investigated for Mg; G, 46—55, 131 mg; H, 56—63, 105 mg; |, 64—76, 372
the presence of phytochemicals resulting in the isolation of mg; and J, 7796, 129 mg). Fractions | and J were selected for

Bioassay-Guided Fractionation. Initially, 3.0 g of the
H/EtOAc/H,O (54:44:2) extract was adsorbed to silica gel and
applied to a silica gel chromatography column-{83 «m, 40
x 150 mm, 60 A). Elution of the column was performed using

coumarins (6—8), lignins (9—11), and alkaloids (12—15). further investigation based on activities in the bioautographic
activity againstC. acutatumandC. gloeosporioides.
METHODS AND MATERIALS Fraction | (372 mg) was adsorbed onto silica gel and applied

Instrumentation. H and13C NMR spectra were recorded as a dried powder to a 26 150 mm silica gel column (4063

in CDCl; on a Bruker Avance 400 MHz spectrometer (Billerica, um, 60 A) and_ eluted_usmg increasing polarity mixtures of
MA). All 23C multiplicities were deduced from 9@nd 135° hexane/EtOAc in a series of three linear steps (stgp 1,100:0to
DEPT experiments. High-resolution mass spectra were obtained’ 2-2° USINg 1599 mL; step 2, 75:25 to 25:75 using 600 mL;
using an Agilent 1100 HPLC coupled to a JEOL AccuTOF @nd step 3, 25:75 to 0:100 using 600 mL). Column eluate was
(JMS-T100LC) (Peabody, MA). Column chromatography was qollected in 2.4-ml._ portions gnd, on the basis of TLC similari-
performed using a Biotage, Inc., Horizon Pump (Charlottesville, ti€s, recombined into 4 fractions (1123, 4 mg; 12, 24-28,
VA) equipped with a Horizon Flash Collector and fixed 30 mg; I3, 29-38, 257 mg; and 14, 3972, 10 mg). Fraction
wavelength (254 nm) detector. HPLC method development work 12 was determined to be pure flindersine. Fraction 13 was further
was performed using an Agilent 1100 system equipped with a purified using a 25< 150 mm silica gel column (40—6a@m,
quartenary pump, autosampler, diode-array detector, and vacuun$0 A) and eluted using increasing polarity mixtures of hexane/
degasser. Semipreparative HPLC purifications were performedEtO in a series of three linear steps (step 1, 100:0 to 75:25
using a Waters Delta-Prep system (Milford, MA) equipped with using 2304 mL,; step 2, 75:25 to 0:100 using 300 mL; and step
a diode-array detector and a binary pump. 3, 0:100 using 300 mL). Column eluate was collected in 24-
High-Resolution LC—MS Analysis. All isolated compounds ~ mL portions and, on the basis of TLC similarities, recombined
were prepared in methylene chloride and injected directly into into 4 fractions (13-1, +21, 32 mg; 13-2, 2+25, 163 mg; 13-
a 0.4 mL/min stream of a 20% J9/80% MeOH solution 3, 25—38, 5 mg; and 13-4, 39—63, 52 mg). Fraction 13-2
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produced crystals after standing at room-temperature overnight.

Crystals were later filtered and washed to provide pug- (
eudesmin.

Fraction J (129 mg) was further purified using a reversed-
phase C-18 HPLC column (Zorbax, 4250 mm, 5um) and
running isocratic conditions (60:40 ;B/acetonitrile), while
monitoring at 210 nm. Two compounds were collected, provid-
ing 56 mg of haplamine and 6 mg of anhydroevoxine.

Flindersine.High-resolution ESI-MSn/z228.0989 [M+
H]*, calculated for GH14NO,, 228.10241H NMR (400 MHz
in CDCl3) 6: 12.42 (br s, 1H, H-6), 7.88 (d, 1H,= 8.4 Hz,
H-10), 7.47 (t, 1HJ = 6.8 Hz, H-8), 7.44 (d, 1H) = 8.4 Hz,
H-7), 7.18 (t, 1H,J = 6.8 Hz, H-9), 6.80 (d, 1HJ = 10 Hz,
H-4), 5.56 (d, 1H,J = 10 Hz, H-3), 1.54 (s, 6H, H-11 and
H-12) (16).13C NMR (400 MHz in CDC}) 6: 163.1 (s, C-5),
157.4 (s, C-10b), 138.3 (s, C-6a), 130.9 (d, C-8), 126.3 (d, C-3),
122.6 (d, C-10), 122.2 (d, C-9), 117.4 (d, C-4), 116.4 (d, C-7),
115.4 (s, C-10a), 105.9 (s, C-4a), 79.2 (s, C-2), 28.5 (g, C-11
and C-12).

Haplamine.High-resolution ESI-MSm/z258.1133 [M+
H]*, calculated for GsH1gNOz, 258.11301H NMR (400 MHz
in CDCl) o: 12.78 (br s, 1H, H-6), 7.39 (d, 1H,= 8.8 Hz,
H-7), 7.23 (d, 1H,J = 2.0 Hz, H-10), 7.11 (d, 1H) = 8.4 Hz,
H-8), 6.80 (d, 1HJ = 10 Hz, H-4), 5.54 (d, 1HJ = 10 Hz,
H-3), 3.86 (s, 3H, OMe), 1.54 (s, 6H, H-11 and H-12L NMR
(400 MHz in CDC}) 6: 162.7 (s, C-5), 156.9 (s, C-10b), 155.1
(s, C-9), 133.1 (s, C-6a), 126.3 (d, C-3), 120.7 (d, C-8), 117.9
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isolated from commercial grap¥iis vinifera L.) andFusarium
oxysporunfrom orchid Cynochessp.). Fungi were grown on
potato dextrose agar (PDA, Difco, Detroit, MI) in 9-cm Petri
dishes and incubated in a growth chamber at22 °C under
cool-white fluorescent lights (553 5 umol m2 s71) with a
12-h photoperiod.

Conidia PreparationConidia were harvested from 7- to 10-
day-old cultures by flooding plates with 5 mL of sterile distilled
water and dislodging conidia by softly brushing the colonies
with an L-shaped glass rod. Aqueous conidial suspensions were
filtered through sterile Miracloth (Calbiochem—Novabiochem
Corp., La Jolla CA) to remove mycelia. Conidia concentrations
were determined photometricall® 21) from a standard curve
based on absorbance at 625 nm, and suspensions were adjusted
with sterile distilled water to a concentration of 10 1(°
conidia/mL.

Standard conidial concentrations were determined from a
standard curve for each fungal species. Standard turbidity curves
were periodically validated using both a Bechman/Coulter Z1
particle counter and hemocytometer counts. Conidial and
mycelial growth are evaluated using a Packard model Spectra-
Count microplate photometer (Packard Instrument Company,
Meriden, CT). Conidial growth and germ tube development were
evaluated using an Olympus IX 70 inverted microscope and
recorded with a DP12 digital camera as appropriate for
compounds that affected spore germination and early germ tube
development.

(d,C-7),117.5(d, C-4), 115.8 (s, C-10a), 106.1 (s, C-4a), 103.4 Direct Bioautography. A number of bioautography tech-

(d, C-10), 79.1 (s, C-2), 55.8 (q, OMe), 28.5 (g, C-11 and C-12)
7).

Anhydroeoxine.High-resolution ES+MS mv/z 330.1359 [M
+ H]*, calculated for GgHooNOs, 330.1342.'H NMR (400
MHz in CDCl) 6: 7.98 (d, 1H,J = 9.2 Hz, H-5), 7.59 (d, 1H,
J= 2.4 Hz, H-2), 7.25 (d, 1H) = 9.2 Hz, H-6), 7.04 (s, 1H,
J= 2.4 Hz, H-3), 4.43 (2, 3H, 4-OMe), 4.39 (dd, 18i= 6.0,
11.2 Hz, H-1'), 4.30 (dd, 1H] = 6.0, 11.2 Hz, H-1"), 4.13 (s,
3H, 8-OMe), 3.25 (t, 1HJ = 4.8 Hz, H-2"), 1.39 (s, 3H, H},
1.36 (s, 3H, H-5. 13C NMR (400 MHz in CDC}) 8: 164.5 (s,
C-9a), 157.4 (s, C-4), 151.3 (s, C-7), 143.5 (d, C-2), 143.4 (s,
C-8), 141.9 (s, C-8a), 118.3 (d, C-5), 115.8 (s, C-4a), 115.1 (d,
C-6), 104.8 (d, C-3), 102.6 (s, C-3a), 69.7 (t, §-51.9 (q,
8-OMe), 61.8 (d, H-2'), 59.2 (q, 4-OMe), 58.5 (s, C-3'), 24.8
(q, C-4"), 19.2 (g, C-5)18).

(+)-EudesminHigh-resolution ESI-MSn/z387.1841 [M
+ H]*, calculated for GH»70s, 387.1808. [03% = +63.1 (C
0.13, CHC}). 'H NMR (400 MHz in CDC}) 6: 6.91 (br s,
2H, H-1"), 6.88 (d, 2H, = 8.4 Hz, H-6"), 6.84 (d, 2H]) = 8.4
Hz, H-5"), 4.76 (br s, 2H, H-2 H-6), 4.26 (m, 2H, H-4 H-8),
3.89 (s, 6H, 40OCHg), 3.87 (s, 6H, 30CHg), 3.90 (m, 2H,
H-4 H-8), 3.11 (m, 2H, H-1 H-5)13C NMR (400 MHz in
CDClg) 6: 149.4 (s, 3, 148.8 (s, 4, 133.8 (s, C-1, 118.4 (d,
C-6'), 111.3 (d, C-5"), 109.5 (d, C-2'), 85.9 (d, C-2 C-6), 71.9
(t, C-4 C-8), 56.1 (g, 30CHg), 56.1 (q, 4'-OCH), 54.3 (d,
C-1 C-5) (19).

Fungal Isolates and Media. Isolates of Colletotrichum
acutatumSimmonds,C. fragariae Brooks, andC. gloeospo-
rioides(Penz.) Penz. and Sacc. were obtained from B. J. Smith,
USDA, ARS, Poplarville, MS. Cultures d*homopsigiticola
andP. obscuransvere obtained from Mike Ellis, The Ohio State
University, OH, andBotrytis cinereaPers. andFusarium
oxysporumSchlechtend were isolated in our laboratory at
Oxford, MS. The thre€olletotrichumspecies ané®homopsis
obscuranswvere isolated from strawberr{F(agaria x ananassa
Duchesne), whil®homopsigiticola andBotrytis cinereavere

nigues were used as primary screening systems to detect
antifungal activity. Matrix, one-dimensional, and two-dimen-
sional bioautography protocols on silica gel TLC plates along
with Colletotrichumspp. as the test organisms were used to
identify the antifungal activity according to published methods
(22,23). Matrix bioautography was used to screen large numbers
of crude extract at 20 mg/mL. One-dimensional thin-layer
chromatography (1D TLC) were subsequently used to purify
and identify the number of antifungal agents in extracts. Each
plate was subsequently sprayed with a spore suspensién (10
spores/mL) of the fungus of interest and incubated in a moisture
chamber for 3 days at 28C with a 12-h photoperiod. Clear
zones of fungal growth inhibition on the TLC plate indicated
the presence of antifungal constituents in each extract. Inhibition
of fungal growth was evaluated 3—4 days after treatment.
Antifungal metabolites were readily located on the plates by
visually observing clear zones where the active compounds
inhibited fungal growth (24).

96-Well Fungal Microbiassay.A reference method [M27-

A from the National Committee for Clinical Laboratory
Standards (NCCLS)] for broth-dilution antifungal susceptibility
testing of yeast was adapted for evaluation of antifungal
compounds against sporulating filamentous fud) (This 96-

well microtiter assay is used to determine and compare the
sensitivity of fungal plant pathogens to natural and synthetic
compounds with known fungicidal standards (25).

The 96-well microtiter assay was used to determine the
sensitivityof C. acutatumC. fragariae,C. gloeosporioides.
oxysporum,B. cinerea,P. obscuransand P. uiticola to the
various antifungal agents in comparison with several commercial
fungicides. The fungicides benomyl, azoxystrobin, and captan
were used as standards in these assays. Each fungal species was
challenged in a doseresponse format so that the final test
compound concentrations of 0.3, 3.0, and 3@/ were
achieved (in duplicate) in the different columns of the 96-well
plate.
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Table 1. Fungal and Algal Inhibition Screening Results for H. sieversii Crude Extracts of the Aerial Parts
LCIC (ppm)? diameter of zone of inhibition (mm)?
solvent® O. perornata S. capricornutum C. acutatum C. fragariae C. gloeosporioides

PE >100 >100 9.1 (x0.3) 9.2 (0.3) 9.5 (+0.0)

H/EtOAC/H,0 100 >100 10.4 (+0.3) 10.1 (+0.2) 12.8 (x0.7)

EtOH 100 >100 Dz Dz Dz

H,0 >100 >100 9.2 (£0.4) 7.4 (£0.3) 7.6 (£0.3)

2 owest complete inhibition concentration. » Mean dimensions of zones (mm) of fungal inhibition produced by sample extracts +SD. All extracts tested at 80 ug. DZ,
diffuse zone, indicating no clear zone of inhibition observed. Benomyl, captan, cyprodinil, and azoxystrobin served as positive controls. ¢ PE, petroleum ether; H/EtOAc/H,0

= 54:44:2 hexanelethyl acetate/HO.

Fungal growth was evaluated by measuring the absorbance
of each well at 620 nm at 0, 24, 48, and 72 h, exceptHor
obscuransandP. viticola, where the data was also recorded at
120 h. Mean absorbance values and standard errors were
graphed, and graphs were used to evaluate fungal growth.
Differences in spore germination and mycelial growth in each
of the wells in the 96-well plate demonstrate sensitivity to
particular concentrations of pure compounds and indicated
fungistatic or fungicidal effects.

Algicide Bioassay Isolates of the cyanobactei@ agardhii
andO. perornatawere obtained from water samples collected
from Mississippi catfish ponds26). A culture of the cyano-
bacteriumPseudanabaenap. (strain LW397) was obtained
from George lzaguirre, Metropolitan Water District of Southern
California, La Verne, CA. An isolate of the green al§a
capricornutumwas obtained from Dr. J. C. Greene, United
States Environmental Protection Agency, Corvallis, OR, and
S. capricornutunwas used as a representative of green algae
in the bioassay to determine selective toxicity of the extract
and pure compounds. Each culture was maintained separately
in continuous, steady-state growth using the conditions outlined
in Schrader et al.2Z7) to provide a source of cells growing at
a fairly constant rate.

The rapid bioassay of Schrader et al/)(was used to evaluate
the crude extracts froril. sieversiiand the pure compounds
flindersine, eudesmin, and haplamine. Stock solutions of the
crude extracts and each pure compound were made in 100%
dichloromethane (technical-grade quality) at 20.0, 200.0, and

Flindersine R = H
Haplamine R = OMe

Anhydroevoxine

MeO
MeO
>

Eudesmin

2000.0 ppm for the crude extract and 2.0, 20.0, 200.0, and Figure 1. Compounds isolated from H. sieversii.

2000.0uM for each pure compound. Stock solutions of each
test material were micropipeted to the empty wells g10vell)

of a reusable 96-well quartz microplate (Hellma Cells, Inc., Mined for flindersine and haplamine fQr. perornata Pseud-
Forest Hills, NY), and the dichloromethane was allowed to anabaenap. (LW397), anc. capricornutunusing the method

evaporate completely before adding continuous culture sampleoutlined in Schrader et al. (28).

material (200uL/well) from each of the continuous culture
systems (only one test organism per well). Controls did not
include any test material, only culture material (200well).
Final treatment concentrations for the crude extracts were 1.0,

RESULTS AND DISCUSSION

10.0, and 100.0 ppm, and final concentrations for each pure Preliminary bioautographic screening of crude extracts from
compound were 0.1, 1.0, 10.0, and 100M. Three replications  plants native to the Republic of Kazakhstan agaihdtagariag
were used for each concentration of crude extract, pure C. gloeosporioidesand C. acutatumprompted us to further
compound, and the control. Experiments were repeated. Mi- investigate the hexane/EtOAG/8 extract from the aerial parts

croplates were placed in a growth chamber held at-29°C

of H. sieversii (Table 1). This crude extract showed no

and were illuminated continuously by fluorescent lights (40 W, selectivity between the three fungal species; however, large
cool white) at a photon flux density of 227 uE m2 s, zones of inhibition prompted us to investigate further. Bioassay-
Absorbance measurements of each well were measured at 65@uided fractionation of this extract using a hexane/ethyl acetate
nm at 24-h intervals for 4 days using a Packard model gradient suggested that fractions | and J contained the com-
SpectraCount microplate photometer. Mean values and standardgounds responsible for the activity of the extract as a whole.
deviations of absorbance measurements were calculated and Fraction | was further purified using a hexane/ethyl acetate
graphed to determine the lowest observed effect concentrationgradient providing a compound with a HRESIMS ion raofz

(LOEC) and lowest complete inhibition concentration (LCIC). 228.0989, which suggested a possible molecular formula of
The 96-h 50% inhibition concentration (96-hsfcwas deter- C14H13NO, and hence 9of unsaturation. Inspection of tHel
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C. gloeosporioides Growth Response to Samples at 48 hrs.
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C. gloeosporioides Growth Response to Samples at 72 hrs.
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Figure 2. Growth inhibition/stimulation of C. gloesporioides after 48 and 72 h using a 96-well microtiter format in a dose-response to flindersine,
haplamine, eudesmin, and anhydroevoxine and the commercial fungicide standards azoxystrobin, benomyl, and captan. Means from percent growth
inhibition/stimulation were pooled from two experiments replicated in time.

P. obscurans Growth Response to Samples at 120 hrs.

70%
60%
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;180/: 0100 uM

20%
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30%
-40%
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Figure 3. Growth inhibition of P. obscurans after 120 h using a 96-well microtiter format in a dose—response to flindersine, haplamine, eudesmin, and
anhydroevoxine and the commercial fungicide standards azoxystrobin, benomyl, and captan. Means from percent growth inhibition were pooled from two
experiments replicated in time.
NMR spectral data indicated the presence of four aromatic (16), providing further confirmation of its structure as that of
hydrogen atoms (#.88 d, H-10; 7.47 t, H-8; 7.44 d, H-7; and  flindersine (Figure 1).
7.18 t, H-9), two olefinic doublets)(6.80, H-4 and 5.56, H-3), Additional purification of fraction | using a hexane/ether
and a six-proton singletd(1.54, H-11 and H-12)13C NMR gradient provided a crystalline compound that gave a HRESIMS
analysis confirmed the presence of 14 carbons. One- and two-molecular ion ofm/z 387.1841 corresponding to [M- H]™,
dimensional (HMBC and HSQC) NMR investigations confirmed suggesting a possible molecular formula of#370s, and
the structure as that of flindersine, and complete NMR assign- implying 10° of unsaturation!H NMR analysis revealed the
ment data is reported hereitd NMR data is in complete presence of three aromatic protons, one single6.91) and
agreement with that reported in the literature by Ahmad et al. two doublets § 6.88 and 6.84), an oxygenated methidi& (76),
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Table 2. Evaluation of Pure Compounds from H. sieversii Extracts for Antialgal Activity

O. peromata® 0. agardhip® Pseudanabaena sp. LW397” S. capricornutumb
compound? LOEC LCIC ICs0 LOEC LCIC ICs0 LOEC LCIC ICs0 LOEC LCIC ICs0
flindersine 10 100 159 >100 >100 nd >100 >100 nd 10 100 17.8
eudesmin 10 >100 nd >100 >100 nd 100 100 nd 100 >100 nd
haplamine 1.0 10 1.8 >100 >100 nd 1.0 100 2.0 10 100 15.9

a Anhydroevoxine not tested because of an insufficient sample quantity available.  LOEC, lowest-observed-effect concentration; LCIC, lowest-complete-inhibition concentration;
ICso = 96-h 50% inhibition concentration; nd, not determined. All data expressed in micromolar concentrations.

an oxygenated methylené 4.26 and 3.90), an aliphatic methine
(6 3.11), and two deshielded methoxyl groups3(89 and 3.87).
13C NMR analysis indicated the presence of only 11 carbons,
exactly half of the proposed molecular formula. The above
information led us to suspect a molecule with a plane of
symmetry, and the structure was assigned t9-€udesmin
(Figure 1). 'H and3C NMR data are in complete agreement
with data reported previously19), and optical rotation data is
in complete agreement with data reported by Latip et29).(
Purification of the bioactive fraction J using HPLC resulted
in the isolation of two pure compounds. Analysis of the major
compound by HRESIMS revealed an [M H]™ at m/z
258.1133, suggesting a possible molecular formula @HG-
NO; and nine sites of unsaturation. Analysis of #& NMR
spectrum indicated a highly deshielded singlel 42.78, three
aromatic protonsq7.39, 7.23, and 7.11), two olefinic doublets
(6 6.80 and 5.54), one aromatic methoxyl grodp3(86), and
two equivalent methyls¥ 1.54).23C NMR revealed 14 carbons

observed (Figure 2). This decrease in sensitivity to chemicals
over time suggests that the test organism may have inducible
enzyme systems or other resistance mechanisms to bypass these
natural product inhibitors (30). There was no loss of activity in
the three commercial fungicide standards tested at these
concentrations. None of the compounds tested was as active as
the positive controls azoxystrobin, benomyl, or captan.

Two crude extracts from the aerial portions Hf sieversii
were found to be selectively toxic towafd. perornatawhen
compared t@. capricornutur{Table 1); therefore, evaluation
of the isolated compounds (eudesmin, flindersine, and hap-
lamine) for algicidal activity was conducted. Haplamine was
found to be the most toxic of the three isolated compounds
toward O. perornatawith a LCIC of 10uM, while the LCIC
of flindersine and eudesmin were 100 and00 «M, respec-
tively (Table 2). In addition, haplamine was selectively toxic
toward O. perornatawhen comparing LCIC results with the
other species tested. The 24-hsd@esults further establish the

as expected because one carbon corresponded to the twaeelective toxicity of haplamine towar®. perornatabecause

equivalent methyl groups. Further analysis by DEPT, HMQC,
and HMBC unequivocally confirmed the structure as that of
haplamine (Figure 1)'H and3C NMR data were in complete
agreement with that reported by Campbell et &F)(

The second compound purified from fraction J yielded a
strong ion atm/z 330.1359, corresponding to the [M H]™
molecular ion when analyzed by HRESIMS. A search of
possible empirical formulas suggeste@oNOs, implying that
this compound had an empirical formula ofs8:JNOs and 10
sites of unsaturatioH NMR spectral analysis indicated the
presence of four aromatic protor${.98, 7.59, 7.25, and 7.04),
two aromatic methoxyl group® @.43 and 4.13), two deshielded
methylene protons (&.39 and 4.30), one methine proton (6
3.25), and two methyl group® (1.39 and 1.36). Analysis of
the 13C NMR, DEPT, HMQC, and HMBC spectral data
confirmed the structure as that of anhydroevoxikig(re 1).
13C NMR data were in complete agreement with that reported
in the literature (18).

The results of evaluation of the isolated compounds for
antifungal activity are provided ifigures 2and3 and in the
Supporting Information. Of the four compounds tested, flinder-
sine demonstrated the highest level of activity against all of
the fungal species, except fBr cinerea, where haplamine was
the most active (see the Supporting Informatidh)obscurans

the 24-h 1Gy of haplamine forO. perornata(1.8 uM) was
approximately 9xess than the 24-h g for S. capricornutum
(15.9) (Table 2). Haplamine was also selectively toxic toward
PseudanabaenBW397 based on 24-h Kg(2.0uM); however,
haplamine showed no toxicity toward. agardhii, similar to
results for flindersine and eudesmin.

There are several considerations before efficacy testing of
haplamine can be performed using limnocorrals (fiberglass
enclosures) placed in catfish pon@4). Because haplamine is
insoluble in water, either formulation development of haplamine
or modification of the chemistry of haplamine to instill water
solubility would need to be performed to maintain the compound
in an active algicidal state in the pond water column (32).
Additional testing of haplamine is required to determine any
potential mutagenic and/or antibiotic properties, unfavorable
characteristics for a particular compound being considered for
use as a selective algicide in food-fish production ponds. Also,
the persistence of haplamine in the pond water column would
need to be monitored closely because previous studies have
found that some natural algicides do not persist for a long
enough period to be effective (33).

It should be noted that investigations were also performed
on bioactive petroleum ether and water extradiable 1),
resulting in the isolation of the same bioactive compounds

appeared to be the most sensitive fungal species of those testedeported above. No additional compounds were found in these

to this set of compoundg-{gure 3). For example, more than
80% inhibition was observed for the 5Q:81 concentration at
both 120 and 144 h. The large error bars observedeigare 3

extracts that had not already been isolated from the hexane/
EtOAc/H,O extract.
In summary, our bioassay-guided efforts to isolate the

are a result of the asynchronous spore germination that occursantifungal and antialgal constituents present in extractd.of

for P. obscuransnd is typical for assays of this organism. Also

sieversii have resulted in the isolation of four compounds, three

noteworthy was the general trend of decreased fungal inhibition alkaloids, and one lignin. One of these alkaloids, flindersine,
over time by the test compounds against all of the fungal speciesdemonstrated activity againBt obscuransC. gloeosporioides

used in the bioassay. For example, flindersine at 1%0/,0
demonstrated greater than 65% inhibition at 48 h agaihst
gloeosporioideshowever, at 72 h, less than 40% inhibition was

C. fragariae,C. acutatum, andr. oxysporum, with its highest
level of activity observed again®®. obscuransat 150 uM.
Another alkaloid, haplamine, demonstrated selective inhibition
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against the odor-producing cyanobacteri@mperornatacom-
pared to the activity against the green afacapricornutum,
with lowest observed effect concentration values of 1.0 and 10.0
uM, respectively. Clearly, this study has progressed from a
bioactive crude extract to the isolation of both antifungal and
antialgal constituents with varying degrees of activity against
many species of microorganisms.
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