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Terminalia ferdinandiana Exell: extracts inhibit Shewanella spp. growth

and prevent fish spoilage

ABSTRACT

Shewanella spp. are major causes of fish spoilaggminalia ferdinandiana (Kakadu plum)
extracts were investigated for their ability to ilsih Shewanella spp. growth. Leaf and fruit
extracts displayed potent growth inhibitory properties agaimll Shewanella spp. The
methanolic leaf extract was a particularly potaibitor of S. putrefaciens (DD MIC 93; LD
MIC 73 ug/mL),S baltica (DD MIC 104 pg/mL; LD MIC 85 pg/mL)S. frigidimarina (DD
MIC 466 pg/mL; LD MIC 391 pg/mL) an&. loihica (DD MIC 95 pg/mL; LD MIC 55
pg/mL) growth. The aqueous and ethyl acetate led@ifagts were also potent growth
inhibitors, with MIC values generally substantiallgl000 pg/mL. Treatment of
Acanthopagrus butcheri Munro fillets with methanolic Kakadu plum extragmgnificantly
inhibited bacterial growth for 15 days &4 All Kakadu plum extracts were nontoxic in the
Artemia franciscana bioassay. LC-MS analysis identified several conmasuwhich may

contribute to the inhibition dhewanella spp. growth.

Keywords: Terminalia extracts, Food spoilag&hewanella, Kakadu plum, Combretaceae,

natural preservative.

1. Introduction



Microbial spoilage is a major contributing factorfood deterioration, particularly in
perishable foods, accounting for an estimated 268t ood wastage (Ghaly et al., 2010). In
many instances these bacteria are non-pathogédthough they may cause spoilage through
malodour formation or change in taste and textMtethods aimed at inhibiting microbial
growth must effectively control initial populatigneegrowth of post-processing microbial
survivors and contaminant induced populations. ¥¢{hinany bacterial species may
contribute to the spoilage of fish and other sedfoBhewanella spp. are generally
acknowledged as a major cause of spoilage as tkegysschrotolerant, grow both aerobically
and anaerobically, and tolerate a wide pH range éN@l., 2015). Thus, they are often
relatively unaffected by physical preservative roethwhich may limit the growth of other

bacteria.

The genusshewanella encompasses a large number of facultative anaebalgieria
that can be psychrophilic, psychrotrophic or medaplound in both freshwater and marine
environments, the genus has been widely investigéie to their ability to utilise a range of
electron acceptors, including trimethylamine-N-&xidTMAQO), a common osmolyte in
marine fish (Boskou and Debevere, 1998; Macdonatt Khajehpour, 2013). Under anoxic
conditions,Shewanella spp. can utilise TMAO as an alternative to oxygéaupled with an
appropriate electron donor, TMAO is reduced iniméthylamine (TMA), producing the
“fishy aroma” commonly associated with spoilage §Bau and Debevere, 1998). Although
Shewanella putrefaciens has long been considered the primary spoilage bacteof stored
marine fish, studies have revealed tBawanella baltica and a number of oth&hewanella

spp. may also contribute to fish spoilage (Vogellet2005).

The psychrophilic and psychrotrophic nature of m&gwanella spp., as well as
their ability to grow under anoxic conditions, lisithe effectiveness of storing fish products

on ice or under anaerobic conditions. Some chenmrealtments are successful in food
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spoilage management. However, customers are oftecetned by the potential health risks
associated with synthetic chemical compounds (Maltret al., 2006). Investigating natural
plant based preparations with known antimicrobiapprties potentially offers a safe and
effective means of preventing bacterially-driveshfispoilage. Antimicrobial plant extracts
with high antioxidant contents are particularlyattive as they may block oxidation of fish
macromolecules, as well as inhibiting microbial wgtio and thus have pluripotent
preservative effects. Recent studies have demaedtthe potent bacterial growth inhibitory
activity of several high antioxidant fruits and bgragainst a wide panel of food spoilage and

pathogenic bacteria (Sirdaarta et al., 2015; Wiretedl., 2014; Wright et al., 2016).

The genuderminalia encompasses approximately 200-250 species of fiogv&rees
and has an extensive association with usage iititnaal medicinal systems (Cock, 2015).
The antibacterial activity of this genus has beeeresively reported. Extracts prepared from
the fruit of the Australian specieBerminalia ferdinandiana Exell. (Kakadu plum) have
potent growth inhibitory activity against an extimespanel of pathogenic bacteria including
bacteria associated diarrhoea and dysentery (Cadk Mohanty, 2011) as well as the
bacterial triggers of several autoimmune inflammatdiseases (Courtney et al.,, 1015;
Sirdaarta et al., 2015a; Sirdaarta et al., 201Bbjther studies subsequently reported that
Kakadu plum fruit extracts delay spoilage and safislly increase shelf life of
commercially harvestedPenaeus monodon (tiger king prawn) (Sultanbawa et al., 2012).
Whilst that study did not differentiate betweenteaal speciesshewanella spp. are likely to
contribute toP. monodon spoilage and inhibition of their growth may accbtor inhibition
of spoilage reported in that study. Whilst the laatterial properties of Kakadu plum leaf
extracts have been less extensively reported, restedies indicate that they inhibit growth
of many of the same bacteria (Courtney et al., 20b8leed, the leaf extracts are often more

potent inhibitors of bacterial growth than are ffrextracts (McManus et al., 2017; Courtney



et al., 2015). Kakadu plum has an extremely higioaidant capacity (Netzel et al., 2007).
Thus, treatment of fish with Kakadu plum fruit amdleaf extracts may inhibit both oxidative
rancidity and microbial spoilage. Despite this,wgtto inhibitory properties of Kakadu plum
extracts against thé&hewanella spp. are yet to be evaluated. The current studg wa
undertaken to examine the potential of Kakadu plwait and leaf extracts as natural
preservatives against seveabwanella spp. Furthermore, the extracts were tested ind co
stored fish model, which may have numerous battepacies on their surfaces, some of
which (includingShewanella spp.) would cause fish spoilage. Thus, the aithefstudy was

to evaluate the potential of the Kakadu plum exsré@ prolong the shelf life and palatability

of fish.

2. Materials and methods

2.1. Plant source and extraction

Kakadu plumleaves and fruit pulp were supplied and verifiedDgvid Boehme of
Wild Harvest, Northern Territory (Australia). Thelp was frozen prior to transport and kept
at -10°C until processed. The pulp and leaves were extelysidehydrated separately in a
Sunbeam food dehydrator at ambient temperaturéCj2&8nd the desiccated material was
stored at -30C. Voucher specimens of the dried pulp (KP2014Gi) lzaves (KP2015LA)
are stored at the School of Natural Sciences, i@ritiniversity. The dried plant materials
were ground into a coarse powder prior to use. Aswd 1g of ground fruit and leaf powders
was extensively extracted in 50 mL of either methhamleionised water, ethyl acetate,
chloroform or hexane or for 24 h af@ with gentle shaking. All solvents were suppligd b
Ajax, Australia (AR grade). The extracts were filteé through Whatman No. 54 filter paper
and air dried at room temperature. The aqueous@xtras lyophilised by rotary evaporation

in an Eppendorf concentrator 5301. The resultahetgewvere dissolved in 10 mL deionised



water (containing 0.5 % DMSO) and subsequentlyguhsisrough a 0.2gm filter (Sarstedt)

and stored at 4 °C until used.

2.2. Qualitative phytochemical studies

Phytochemical screening of the Kakadu plénmit and leaf extracts to detect the
presence of various phytochemical classes was\aathias previously described (Wright et

al., 2016; Courtney et al., 2015).

2.3. Antioxidant capacity

The antioxidant capacity of each sample was assassag a modified DPPH free
radical scavenging method (Jamieson et al., 20td)cuantified against an ascorbic acid
standard curve. All tests and controls were peréatrim triplicate and are expressed as g

ascorbic acid equivalents per gram of original praaterial extracted.

2.4. Antibacterial screening

2.4.1. Environmental Shewanella strains

The Shewanella putrefaciens strain 200 Shewanella baltica strain OS1558hewanella
frigidimarina strain NCIMB 400 andshewanella loihica strain PV-4 used in this study were
kindly donated by Professor Kenneth Nealson of ltheversity of Southern California,
United States of America. Antibacterial growth awdeening conditions were achieved using
standard conditions (Wrighdt al. 2016), with the following modificationsS. putrefaciens
and S loihica cultures were grown in PYE media at 30 for 24 h.S baltica and S

frigidimarina cultures were incubated at G for 72 h.

2.4.2. Evaluation of antibacterial activity



Antibacterial activity screening of the Kakadu pluinuit and leaf extracts was
assessed in triplicate using a modified disc diffasassay as previously described (Wright et
al., 2016; Courtney et al., 2015). Briefly, 100 ptindividual bacterial suspensions were
spread onto separate nutrient agar plates. A voloimi® pL of the Kakadu plum fruit and
leaf extracts was infused into 6mm discs of fiftaper and placed onto the inoculated plates.
Plates inoculated witB. putrefaciens or S loihica cultures were incubated at 30 °C for 24 h.
S baltica or S frigidimarina cultures were incubated at 15 °C for 72 h and teanmvalues
inhibition zones (£ SEM) were calculated. Standdists containing 10 pug ampicillin discs
(Oxoid Ltd., Australia) or sterile distilled watevere included on every plate to compare

antibacterial activity.

2.5. Minimum inhibitory concentration (MIC) determination

2.5.1. Microplate liquid dilution MIC assay

The MICs of the extracts were evaluated by standaethods (Eloff 1998). Briefly,
overnight bacterial cultures were added dropwiskeetsh nutrient broth and the turbidity was
visually adjusted to produce a McFarlands numbstafhdard culture. This was subsequently
diluted 1 in 50 with nutrient broth, resulting imet MIC assay inoculum culture. A volume of
100 pL sterile broth was added to all wells of av@él plate. Test extracts or control
antibiotics (100 pL) were then added to the top ofveach plate and 1 in 2 serial dilutions
were prepared in each column of wells by trangigrd00 pL from the top well to the next
well in each column, etc. A growth control (withoetract) and a sterile control (without
inoculum) were included on each plate. A volumel@® pL of bacterial culture inoculum
was added to all wells except the sterile contrellsv Plates inoculated witB putrefaciens
or S loihica cultures were incubated at 30 °C for 24 h. Platesulated withS. baltica or S
frigidimarina cultures were incubated at 15 °C for 72 h. p-lodlotetrazolium violet (INT)

was obtained from Sigma, Australia and dissolvesdtamnile deionised water to prepare a 0.2
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mg/mL INT solution. A 40 pL volume of this solutiovas added into all wells and the plates
were incubated for a further 6 hours at 30 °C.dwailhg incubation, the MIC was visually

determined as the lowest dose at which colour dgweént was inhibited.
2.5.2. Discdiffusion MIC assay

The minimum inhibitory concentrations (MIC) of te&tracts was also evaluated by
disc diffusion assay across a range of concentr&tés previously described (Wright et al.,

2016).

2.6. Inhibition of bacterial growth on fish fillets by Kakadu plumextracts

2.6.1. Innoculation of southern black sea breamfillets

Freshly filleted southern black sea breakAcafthopagrus butcheri Munro) was
obtained from Underwood Seafood Market, Brisbanstralia. All fish fillets were stored
fresh at 4C and were purchased at 10 am on the same daynesstiag. The edges were
asceptically excised and discarded from each fillee remainder of the fillets were excised
asceptically to produce fish fillet cubes with lasguare ends, each with 2 surfaces (each
1cn?) which had been exposed to atmospheric bactedatamination. The cubes were

separated into 5 groups (n=45):

(1) immersion in 1M NaCl solution (control),

(2) immersion 2000 pg/mL methanolic Kakadu plunitfextractin 1M NaCl solution,
(3) immersion 500 pg/mL methanolic Kakadu plumtfextractin 1M NaCl solution,

(4) immersion 2000 pg/mL methanolic Kakadu plunf Edractin 1M NaCl solution,
(5) immersion 500 pg/mL methanolic Kakadu plum lesractin 1M NaCl solution.

All test groups were immersed in the respectivattnents for 6 hours. The cubes were

subsequently removed from the treatments and atldevelrain asceptically. Three portions



of each group were immediately sampled (day 0). i@meainder of the portions for each
group were stored separately in closed sterileadoats at 2C. Three further portions were
sampled from each group at 5, 10 and 15 days faligwioculation for growth time course

studies.
2.6.2. Determination of colony forming units (cfu) in southern black sea bream fillets

To examine the effect of Kakadu plumuit and leaf methanolic extracts on bacterial
growth time in the southern black sea bream filletlividual portions were sampled in
triplicate for each treatment at 0, 5, 10 and 1¥#sdallowing treatment. Each portion was
individually homogenised using an overhead immerskdender and filtered through
Whatman No. 54 filter paper at@. Following homogenisation, 1 in 10 serial diluisowere
prepared from each homegenate in a 1M NaCl solwimoss the range $0- 10°. For
enumeration of viable bacteria number, a volumé&Qff pL of each suspension was spread
onto individual nutrient agar plates. The platesemacubated at 30 °C for 24 h and the
bacterial load (colonies/mL of sample) was enuneeraby direct colony counts and

expressed as a % + SEM of the untreated controhgatounts (group 1) for each time point.

2.7.Toxicity screening

2.7.1. Artemia franciscana nauplii toxicity screening

Toxicity was assessed using a modiffademia franciscana nauplii lethality assay
(Ruebhart et al., 2009). Briefly, 400 uL Affranciscana nauplii were exposed to 400 pL of
the reference toxin or the diluted plant extractsiridividual wells of a 48 well plate.
Following a 24h incubation, the number of dead tiawgre counted and expressed as the
total % mortality per well. Each extract was soextover a range of concentrations and the

LCso was calculated.



2.8. HPLC-MSMSanalysis

Chromatographic separations were achieved by LCugi8g conditions previously
developed in our laboratory (Wright et al., 2016€ompound lists were generated and
screened against a database generated in our tiatyo(800 compounds) and the Metlin

metabolomics database (24,768 compounds) for fiEtiton of compounds in the extracts.

2.9. Satistical analysis

Data is expressed as the mean + SEM of three indepé experiments, each
performed in triplicate (i.ex 9 replicates). One way ANOVA was used to calcusaistical
significance between control and treated group$ &P value < 0.01 considered to be

statistically significant.

3. Results

3.1. Liquid extraction yields and qualitative phytochemical screening

Kakadu plum fruit and leaf extractions (1 g) yielddried plant extracts ranging from
18 mg to 483 mg (fruit extracts) and 58 mg to 474 (heaf extracts) (Table S1). Aqueous
and methanolic extracts provided significantly ¢geegields of extracted material relative to
the chloroform, ethyl acetate and hexane countexpatich gave low to moderate yields.
The dried extracts were resuspended in 10 mL afnased water (containing 1 % DMSO).

The concentrations obtained for each extract agsgmted in Table S1.

3.2. Antioxidant content

Antioxidant capacity for the plant extracts (Tald#&) ranged from 0.4 mg (hexane
leaf extract) to a high of 660 mg ascorbic acidiesjence per gram of dried plant material

extracted (methanolic fruit extract). The aqueous anethanolic extracts generally had
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higher antioxidant capacities than the correspandinloroform, hexane and ethyl acetate

extracts.

3.3. Growth inhibition of Shewanella spp.

To determine the ability of the Kakadu plum fruihdaleaf extracts to inhibit
Shewanella spp. growth, 10 pL of each extract was screenatgusidisc diffusion assa.
putrefaciens growth was inhibited by the methanolic, aqueous ethyl acetate Kakadu plum
fruit extracts and all of the leaf extracts (Fig).1Only the chloroform and hexane fruit
extracts were devoid o8 putrefaciens growth inhibitory activity. The methanolic and
agueous leaf extracts were particularly potentaidis ofS. putrefaciens, each with zones of
inhibition substantially >11 mm. This compares farably with the ampicillin control (10
p1g) which had zones of inhibition of 8.3 £ 0.6 mAs S putrefaciens is a main causative
agent for microbial quality detraction (at both w@silic and psychrophilic conditions), these
are particularly noteworthy results. Whilst the haatolic, aqueous and ethyl acetate fruit
extracts, as well as the chloroform and hexane de#facts, also inhibite®. putrefaciens
growth, they were generally less potent than theesponding methanolic extracts. The
lower efficacy of the low polarity extracts compat® the higher polarity extracts indicates

that the most potent and/or most abundant growtititory compounds are polar.

As seafood is generally stored using low tempeeatonditions, other psychrotrophic
and psychrophilichewanella spp. have increased importance at lower tempesa{egel
et al., 2005). Control o§. baltica growth, and to a lesser exte frigidimarina growth,
become more important when fish are stored at ldemperatures for extended periods and
the contribution ofS. putrefaciens decreases (Vogel et al., 2005). The growtts.dbaltica
was also susceptible to the Kakadu plum fruit aad éxtracts (Fig. 1b). Consistent with the

trend noted fofS. putrefaciens growth inhibition,S. baltica also appeared more susceptible to
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the methanolic extracts than to the aqueous examattthe less polar extracts. Furthermore,
the leaf extracts were substantially more potendwgn inhibitors than were the
corresponding fruit extracts. As reported $putrefaciens growth inhibition, the methanolic
and aqueous leaf extracts were particularly potehibitors of S. baltica growth, with
inhibition zones of 14.6 £ 0.3 mm and 12.7 + 0.6 memspectively. The inhibition o&
baltica growth was particularly noteworthy as the growtlihis bacterium was unaffected by
ampicillin, indicating that this is an antibiotiegistant strain. The methanofiwit extract
was also a good inhibitor @& baltica growth (inhibition zone = 9.8 + 0.4 mm). With the
exception of the fruit chloroform and hexane exsawhich were devoid of inhibitory
activity, all other extracts were moderate inhitstof S. baltica growth (as determined by

zones of inhibition).

Growth ofS. frigidimarina was also inhibited by several of the Kakadu pluait fand
leaf extracts (Fig. 1c). As evident for thehibition of the growth ofS baltica and S
frigidimarina, the methanoliextracts were generally more poteéhtfrigidimarina growth
inhibitors than were the other corresponding sdiwracts. The methanolic leaf extract
was particularly potent, with an inhibition zone 18.6 £ 0.6 mm. Notably, as seen for the
other psychrotrophic bacterial speci&skaltica), S frigidimarina growth was also resistant
to ampicillin exposure. The agueous leaf extrac alao a potent growth inhibitor (inhibition
zone = 9.8 £ 0.4 mm). The fruit methanolic, aquemnd ethyl acetate extracts, as well as the
leaf ethyl acetate extracts also inhibitdrigidimarina growth, albeit with smaller zones of
inhibition indicative of moderate inhibitory actiyi All chloroform and hexane extracts were

completely devoid o§. frigidimarina growth inhibitory activity.

S loihica and S putrefaciens share similar genotypic and phenotypic charadiesis
and have similar optimal growth conditions (Gaoaét 2006). Thus, the ability of the

Kakadu plumfruit and leaf to inhibitS loihica was also tested (Fig. 1d). In contrast with the
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other Shewanella spp.,S loihica was particularly susceptible to the ampicillin goh{zone

of inhibition of 19.6 + 1.3 mm). Whilst substantjalsmaller zones of inhibition were
recorded against most of the Kakadu plum fruit kxad extracts, several displayed poté&nt
lothica growth inhibition. Indeed, exposure &f loihica to the methanolic fruit and leaf
extracts produced >10 mm zones of inhibition. Aglent for the growth inhibition of the
otherShewanella spp., the methanolic Kakadu plum fruit extract s most potent growth
inhibitor (as assessed by the inhibition diameteih an inhibition zone of 15.3 £ 1.2 mm
measured. In contrast, an inhibition zone of 10B8&mm was measured for the methanolic
fruit extract. Whilst the fruit aqueous, ethyl aatet and chloroform extracts, as well as the
leaf hexane extracts also inhibit8doihica growth, substantially smaller zones of inhibition

were measured.

3.4. Quantification of minimum inhibitory concentration (MIC)

The relative level of antimicrobial activity wasrfiaer quantified by determining the
MIC values (Table 1) for each extract against $hewanella spp. which were shown to be
susceptible in the disc diffusion screening assAysimilar trend was noted as seen for the
screening assays i.e. the Kakadu plum leaf extiaete substantially better inhibitors of all
Shewanella spp. growth than were the corresponding fruit aots. Furthermore, the
methanolic extracts were generally the most pogeowvth inhibitors. The methanolic leaf
extract was a particularly pote8t putrefaciens growth inhibitor, with disc diffusion (DD)
and liquid dilution (LD) MIC values of 93 and 73 jng- respectively. This is substantially
more potent than the methanolic fruit extract (DDCML160 pug/mL; LD MIC 980 pg/mL).
The Kakadu plum methanolic leaf extract was alpotent inhibitor ofS. baltica (DD MIC
104 pg/mL; LD MIC 85 pg/mL)S frigidimarina (DD MIC 466 pg/mL; LD MIC 391
pg/mL) andS loihica growth (DD MIC 95 pg/mL; LD MIC 55 pug/mL). The agous and

ethyl acetate Kakadu plum leaf extracts also tad MIC values against althewanella
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spp., (generallyx 800 pg/mL against althewanella spp.), also indicating their potential as
fish preservatives. The methanolic, aqueous anygl eitetate Kakadu plum fruit extracts
were also generally good growth inhibitors Sfewanella spp. growth, albeit with MIC
values often an order of magnitude higher thartHercorresponding leaf extracts. In further
contrast to the leaf extracts where the methamitcact had the greatest potency, the ethyl

acetate extract was generally the most potenteofrtht extracts.
3.4. Inhibition of bacterial growth on southern black sea breamfillets

Whilst psychrotrophic and psychrophiliGewanella spp. are are generally
acknowledged as a major cause of cold stored fislilagye, other bacterial species would
also contribute to spoilage. The MIC assay methegtd in our study provide important
information of the ability of the extracts to inhtilshewanella spp. growthn vitro. However,
they do not necessarily accurately portray badtspailage in commercial cold stored fish as
this may be caused by several bacterial specieseldre, the Kakadu plum fruit and leaf
extracts were tested for the ability to inhibitalobacterial growth in fish fillets under cold
storage conditions. As the methanolic extracts wggrerally the most effective growth
inhibitors (Table 1), only these extracts wereddsh the fish fillet spoilage study. This study
did not discriminate between bacterial specieseats measuring the total viable bacteria as
colony forming units (cfu). Furthermore, as coldrage is the most common preservation
method for fresh fish, the fish fillets used instistudy were also stored &CAthroughout the
study period. The results are expressed as a %fdiwe control fish fillets (no treatment,

held at 4C) to determine the degree of improvement over stidage alone.

All treatments with the methanolic fruit and léédkadu plum extracts were effective
at reducing the number of viable bacteria on thetdi immediately following treatment,

indicating that the extracts were bactericidal .&tdg/mL (Fig. 2a). Indeed, the cfu’s for all
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treated groups were inhibited by approximately 3&%hpared to the control fillets (Fig. 2b).
Whilst the Kakadu plum methanolic leaf extract aopd slightly more effective than the
fruit extract at both concentrations tested, thiéedknces were not statistically significant.
Interestingly, with the exception of the 0.5 mg/miethanolic fruit extract, all extracts
remained approximately as effective following 1§slaold storage as at the start of the test,
each still inhibiting bacterial growth by approxitely 95% compared to the control fillets.
Although the 0.5 mg/mL methanolic fruit extract wast as effective following 10 days
growth, it still inhibited bacterial growth by ampimately 35% compared to the control
fillets. Following 15 days cold storage, the fraittract (both concentrations) and the 0.5
mg/mL leaf extract treatment were less effectivantbarlier in the trial, with bacterial growth
increasing to 50-85% of the levels in the contiibéts. These values represent a significant
reduction in bacterial growth and indicate thatddllextracts significantly decrease spoilage
for at least 15 days. Notably, the 2 mg/mL methianlglaf extract treatment was still very
effective at inhibiting bacterial growth at 15 daysdeed, there was still approximately 90%
reduction in bacterial growth at day 15 of theltf@ this treatment. Thus, treatment with
2mg/mL methanolic Kakadu plum leaf extract subssdigtdecreases bacterial spoilage at 15

days, indicating its potential for increasing thels life of cold stored fish.

3.5. Quantification of toxicity

The Kakadu plum fruit and leaf extracts were ififiacreened in thé&rtemia nauplii
assay at 2000 pug/mL (Fig. 3). Additionally, potassidichromate was also tested in the
bioassay as a reference toxin. The reference tada rapid in its onset of mortality,
promoting nauplii death within the first 3 h of @gure, with 100 % mortality evident within
5 hours (unpublished results). All of the methanald agueous extracts also induced 100%

mortality following 24 h exposure. Similarly, théhgl acetate leaf extract also induced 100
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% mortality at 24 h exposure. All other extractdunoed <50% mortality and were therefore

deemed to be nontoxic.

A 24 h LG value was determined for each extract which gé@ mortality in the
screening assay to further quantify toxicity (Talh)e No LGy values are reported for any
chloroform or hexane extracts, nor for the fruityétacetate extract as < 50 % mortality was
seen in all tested concentrations.sb.€alues substantially >10Q®/mL were determined for
all of the other extracts. As extract with 4gvalues >100Qug/mL towardsArtemia nauplii
have been defined as being nontoxic in this asRaglihart et al., 2009), all of the Kakadu

plum fruit and leaf extracts were deemed to be maat

3.6. HPLC-MSMSanalysis

As the methanolic leaf extract had the greatesbacterial efficacy (as determined by
MIC; Table 1), it was deemed the most promisingaettfor further phytochemical analysis.
Optimised HPLC-MS/MS parameters were developed ased to search for specific
compound classes in the methanolic leaf extractidentify the individual components. The
resultant total compound chromatograms (TCC) fa positive ion and negative ion
chromatograms are presented in Fig. 4a and Fig.re8ipectively. The negative ion
chromatogram had significantly higher backgroundoabance levels than the positive ion
chromatogram, due to ionisation of the references im this mode, possibly masking the
signal for some peaks of interest. The positive ebmomatogram (Fig. 4a) revealed the
presence of numerous peaks, particularly in thy ead middle stages of the chromatogram
corresponding to the elution of polar compoundsarNeall of the methanol extract
compounds had eluted by 15 minutes (correspondingpproximately 40 % acetonitrile).
Indeed, several major peaks eluted in the firstidute with 5 % acetonitrile. Similarly, the

majority of the peaks detected in the negativenmthanolic Kakadu plum leaf extract TCC
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had eluted by 15 min. Several prominent peaks \atse evident at elution times up to 30
min (100 % acetonitrile), indicating that lower aoty compounds were also present in this

extract.

The metabolomics fingerprinting approach used is #tudy targeted two specific
phytochemical classes. High tannin contents arefmidg feature ofTerminalia spp. and
high tannin contents have been reported in Kak&am Cock, 2015). Furthermore, a recent
study characterised a number of tannin componart@kadu plum leaf and correlated them
with the inhibition of the growth of several patleoic bacteria (Courtney et al 2014). In
total, 10 tannins were putatively identified in threethanolic Kakadu plum leaf extract by
comparison to the Metlin metabolomics, forensicidobogy (Agilent) and phytochemicals
(developed in this laboratory) databases. Cheladid (2.2% total peak area in + ionisation
mode), chebulagic acid (1.7% total peak area ianisation mode), corilagen (7.2% total
peak area in - ionisation mode), ellagic acid (110%al peak area in - ionisation mode) and
trimethyl ellagic acid esters (1.7% total peak area ionisation mode), exifone (1.9% total
peak area in + ionisation mode) and punicalin (2té%l peak area in - ionisation mode)
were present in particularly high relative abundafa@s assessed by their relative % peak

area). All other tannins were present in lowertreéaabundances.

Flavonoids are another major class of phytochemigaiesent in leaves of most
plants. Numerous studies have reported potentauotéhbal activity for multiple flavonoids
(Prasad et al., 2010; Lin et al., 2008). Thus, rtteabolomics fingerprinting analysis in our
study also screened for the presence of this phgtoal class. Three flavonoids (including
2 flavonol glycosides) were detected in appreciajplantities. Luteolin was present in the
greatest relative abundance (2.6% total peak areaddnisation mode) and in substantially

higher levels than the 2 flavonoid glycosides (ruand quercetin), although rutin was also
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present in high relative abundance (1.1% total el in + ionisation mode). Whilst still
producing a prominent peak, quercetin was presetdwer relative abundance (0.5% total

peak area in + ionisation mode).

4. Discussion

The main method of preserving fresh fish and osieafood is currently by storage at
low temperatures. This is generally an effectivehoé of controlling the growth of many
food spoilage bacteria. However, it is ineffici@tbtnhibiting the growth of psychrophilic and
psychrotrophic bacteria such as tHsewanella spp. and other preservation methods are
required. Decreasing the water activity by dryihg fish and/or by adding salt, or alteration
of the pH of the fish muscle by fermenting fishdirectly adding acids (e.g. acetic, citric,
lactic) are effective at inhibiting bacterial grdwith stored fish. However, these methods also
have profound effects on the taste and texturalacheristics of the fish. Furthermore, health
concerns associated with excess sodium consumipéisnmesulted in a decreased use of salt
as a preservative in recent years. Other methodglafing fish spoilage entail the addition
of chemical preservatives. Commonly used chemicabdf preservatives include
butylhydroxyanisol (BHA), butylated hydroxytolue(@HT), nitrates, nitrites, sulfur dioxide
(SG) and sulfites (S¢) (Ray and Bhunia, 2008)Natural antimicrobial alternatives are

increasingly being sought to increase the shafdrid safety of processed foods.

Kakadu plum fruit and leaf extracigere selected for screening for the ability to kloc
the growth of fish spoilage bacteria as they hastermtial to positively influence the shelf life
of fish in several ways. A major portion of freskhf spoilage is the result of oxidative
spoilage. The treatment of fish with preparatiomstaining high antioxidant contents
decreases lipid oxidation and thus inhibits oxidatiancidity (Pazos et al., 2005). Kakadu

plum fruit and leaf extracts have previously beeported to have very high antioxidant
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capacities (Courtney et al., 2015; Netzel et @07) and thus have potential in reducing
oxidative rancidity. Indeed, Trolox equivalency iaridant content (TEAC) values of
approximately 205 pmol TE/g of extracted fruit wemported for Kakadu plum fruit
methanolic extracts (compared to 39 pmol TE/g foeberries) (Netzel et al., 2007). The
same study also reported ascorbic acid levels gimbl/g extracted fruit for Kakadu plum
fruit extracts (compared to 0.08 umol ascorbic dgidlueberries). Our study also reports
high antioxidant capacities for the Kakadu plumitfand leaf extracts using an alternative
measure of antioxidant capacity (DPPH free radeedvenging assay). We measured
antioxidant capacities to be as high as 660 mgrbecacid equivalence per g of dried
extracted plant material (methanolic Kakadu plunit fextract). This is an exceptionally high
antioxidant capacity (equating to 66 % of the eraidry fruit) and would be expected to
provide a high degree of protection against oxidafish spoilage. Notably, the ascorbic
acid equivalents measured in our study is highan previously measured in the Netzel et al
(2007) study, which reported ascorbic acid levélglquM/g of extracted fruit (which would
equate to approximately 12 mg/mL). These differeneee likely because our study
determined the total antioxidant capacity as ascabtid equivalents, whereas the Netzel et
al (2007) study recorded the actual ascorbic addcentrations. The contribution of
antioxidant protection to food spoilage has presipleen extensively reported (Pazos et al.,

2005) and was not a focus of our study.

The other criterion for our selection of Kakadumléruit and leaf extracts was their
ability to inhibit the growth of other bacteria.eRrous studies have reported antibacterial
activity for Kakadu plum fruit (Cock and MohantyQ21) and leaf extracts (Courtney et al.,
2015) against a wide variety of pathogenic and fspdilage bacteria. Our study confirmed
the potential of Kakadu plum extracts for delayinacterial fish spoilage and increasing

seafood shelf life. Both fruit and leaf extractsplayed considerable growth inhibitory
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activity against alShewanella spp. tested, although the leaf extracts were sotistig more
potent growth inhibitors. The methanolic Kakadu rmplueaf extract was particularly
promising, with MIC values of approximately 73, 8391 and 55 pg/mL agains
putrefaciens, S. baltica, S frigidimarina and S. loihica respectively. Studies using extracts
from other plants have reported comparable or denably higher MIC values as signifying
potentShewanella spp. growth inhibitory activity. One recent stugyorted an MIC value of
512 pg/mL against a different environmerffaputrefaciens isolate by an ethanoliZataria
multiflora extract (Motevasel et al., 2011%ataria multiflora is commonly used in the
Middle East as both a natural food preservative and medicinal plant. It is considered to
have potent growth inhibitory properties againswide variety of pathogenic and non-
pathogenic bacteria (Motevasel et al., 2011). Aeotktudy reported moderate growth
inhibition (2 mg/mL) ofS putrefaciens by aqueouslerminalia catappa extracts (Chansue
and Assawawongkasem, 2008). This plant is widedjamged for its antibacterial properties
and is believed to have potent broad spectrum actgbal activity (Cock, 2015). The
significantly greater potency reported in our stwegphasises the efficacy of the Kakadu
plum extracts. However, it is noteworthy that Theatappa study used a different MIC assay
than either of the assays used in our study arsdntlaly account for the relatively high MIC

value reported therein.

Considerably fewer studies have examined the itdripiproperties of plant extract
against otherfShewanella spp. However, an interesting trend was noted @ literature:
Several authors reported antibiotic resistanceuttipte Shewanella spp. (Poirel et al., 2005).
In particular, many strains were highly resistant4actam antibiotics. Similarly, both of the
psychrotrophicShewanella spp. examined in our study (baltica, S frigidimarina) were
completely unaffected by relatively high doses ofpgillin. Interestingly, S baltica, S

frigidimarina were both highly susceptible to the Kakadu plunraets, indicating that the
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bioactive compounds in these extracts do not Ifalsetam structures and/or function via
mechanisms different to the conventiongllactam antibiotics. This has interesting
implications beyond the use of Kakadu plum extrastshatural fish preservatives. Indeed,
these extracts may have further potential as atiisi againsp-lactam resistant pathogens.
Further studies are currently underway in our labmy, both to screen these extracts against

multiple bacterial species/strains, and to deteentii@ir antibiotic mechanism(s).

The Kakadu plum extracts were also effective atbiting total bacterial growth in a
cold store fish model system. We chose to examiee effects of the extracts on total
bacterial growth in this study, rather than focngson the growth of th&hewanella spp. in
the cold stored fish as this is a more realistiengarison to using the extracts as a
commercial fish preservative. Other bacterial sgpeancludingPhotobacterium spp. and
Hafnia alvei, Morganella pyschrotolerans andMorganella morganii are also common causes
of spoilage in stored fish. Thus, whilst our inreiscreening studies focussed Snewanella
spp. as they are a major cause of fish spoilagentpact of other bacteria on spoilage should
not be neglected. Interestingly, the Kakadu plutnaets also inhibited total bacterial growth
in the fish model, indicating that the extracts nago inhibit the growth of other fish
spoilage bacteria, including some or all of thaseetl above. Further studies are required to
verify this. Furthermore, whilst the cold storehfiest model used in our study does verify the
potential of the Kakadu plum as a natural fish preative, it does not provide information on
the efficacy of this treatment for other storagehnds. Vacuum packaging and storage under
modified atmospheres are frequently used commeércial long-term storage. As these
methods reduce oxygen access to the microflordy stoezage methods favour the growth of
anaerobic bacteria, includin§hewanella spp. Because the Kakadu plum extracts are

effective at inhibiting the growth of bacteria und®th aerobic and anaerobic conditions,
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they may be particularly beneficial at further masing the shelf life of fish stored using both

of these methods, although further studies areired|to verify this.

As the methanolic leaf extract had the most poBaaivanella spp. growth inhibitory
activity (and total bacterial growth in the coldbra fish model), it was deemed the best
extract for phytochemical analysis. A total of l4tique mass signals were identified in the
methanolic leaf extract (unpublished data). Of ¢hes0 compounds were identified as
tannins. As well as having a wide diversity of tamcomponents, the tannins were present as
major constituents. The chebulagic acid, corilagelagic acid and punicalin peaks
accounted for approximately 1.7%, 7.2%, 1% and%2.4f the total peak areas respectively
for the negative ionisation mode chromatogram. @helacid, trimethyl ellagic acid and
exifone accounted for approximately 2.2%, 1.7% 21886 of the total chromatographic peak
area in positive ionisation mode. All other tarswmere present in lower relative abundances.
It is likely that the high tannin contents in theettmnolic Kakadu plum leaf extract
contributes to the inhibitory activity against tishewanella spp. Gallotannins have been
reported to inhibit the growth of a broad spectminibacterial species (Buzzini et al., 2008)
through a variety of mechanisms including bindingll csurface molecules including
lipotoichoic acid and proline-rich cell surface fwios (Hogg and Embery, 1982), and by
inhibiting glucosyltransferase enzymes (Wu-Yuarmlet 1988) Elligitannins are also potent
inhibitors of bacterial growth, with MIC values v as 62.5 pg/mL (Buzzini et al., 2008).
Ellagitannins function to inhibit bacterial growthia several mechanisms including by
disrupting bacterial cell walls and via interactiaith cytoplasmic oxidoreductases (Buzzini

et al., 2008)

Three flavonoids were also determined to be maarponents of the methanolic leaf

extract. Luteolin was present in the greatest abBnoel, accounting for approximately 2.6%
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of the total peak area for the negative ionisatlmode chromatogram. Rutin and quercetin
were also present in moderate to high relative dance, accounting for 1.1% and 0.5% total
peak area in positive ionisation mode respectiv8lgveral flavonoids (including the 3
identified in our study) inhibit the growth multgpbacterial species. Quercetin and rutin are
potent inhibitors oPseudomonas maltophilia and Enterobacter cloacae growth (Waage and
Hedin, 1985). Another study tested the inhibitoctivaty of a panel of 38 flavonoids against
methicillin resistantStaphylococcus aureus (MRSA) and reported moderate antibacterial
activity for several flavonoids including querceéind luteolin. Rutin was also shown to have
a low MIC against multi-resistafitlactamase producinilebsiella pneumoniae (Ozcelik et

al. 2008). Thus, luteolin, rutin and quercetin kkely to contribute to thehewanella spp.

growth inhibitory activity of the methanolic Kakaglum leaf extract.

It is likely that other phytochemical classes mdgoacontribute to th&hewanella
spp. Growth inhibitory properties of these extraétikaloids, anthraquionones, flavonoids,
polyphenolics, phytosterols, saponins, stilbenektarpenes have also been linked with anti-
bacterial activity in different plant species ahdig may be responsible (at least in part) for
the bacterial growth inhibitory activities reportadre. Previous studies have used GC-MS
analysis to identify several monoterpenoids in raethic Kakadu plum fruit and leaf extracts
(Wright et al. 2016). That study reported a relaboundance of cis- and trans-linalool oxide,
camphor and borneol in the fruit extract. The saimey identified linalool oxide and cineole
as major components in Kakadu plum leaf extraatsel other important terpenoids have
also been reported in Kakadu plum extracts usiffgrdnt analytical techniques (Sirdaarta et
al., 2015b). Monoterpenoids were particularly ptemntiin those studies, with isomyocorene,
cineole, cuminol, camphor and isomenthol reporte&akadu plum fruit extracts. Many of
these terpenoids have potent broad spectrum atdisactivity (Cock, 2015; Cock, 2013)

and therefore may contribute to tBsawanella spp.growth inhibitory activity.
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Whilst none of these terpenoid compounds were thxtea our study, it is possible
that they may be present and may contribute togtieevth inhibitory properties of the
Kakadu plum leaf extracts. Our study examined thgtgrhemical composition of the
extracts using HPLC-MS/MS, whereas the previougistureporting their presence used GC-
MS analysis. Generally, HPLC-MS/MS is a good chdaremetabolomic profiling studies as
it detects a larger amount of compounds of varyiofarities than does GC-MS. However,
HPLC-MS/MS analysis is limited to studies of thedrhighly polar compounds and is not as
useful for studies aimed at highly non-polar commmsi The terpenoids are relatively
nonpolar compounds and it is possible that ouryaisbrotocol was unable to detect them.
However, this is unlikely as we have used this quok routinely in our lab and have
previously detected low polarity compounds incladgeveral of these terpenoids. It is more
likely that if present, their levels were below theeshold of detection in our system and that
they did not contribute significantly to the potamtibacterial activity reported here.

Whilst, the studies reported here are interestma)faghlight the potential of Kakadu
plum extracts as food preservatives, further ssidre required before their commercial use.
In particular, the extracts (as well as fish trdatgth the extracts) must be evaluated by a raft
of organoleptic tests to ensure that any commefisialproducts are palatable to the eventual
consumers. Furthermore, whilst our findings demastthat all Kakadu plum extracts were
nontoxic toward#\rtemia nauplii, further toxicity studies in human cellds are warranted to
further ensure that the extracts are safe to usatasal fish preservatives.

5. Conclusions

Kakadu plum fruit and leaf extracts are potent bitbrs of Shewanella spp. growth
and therefore have potential as natural fish/sehfo@servatives. The leaf extracts were
particularly effective against ahewanella spp. and thus have potential for both fresh and

cold storage fish preservation. However, other dyaadt species including’hotobacterium

24



spp. andEnterobacteria spp. includingHafnia alvel, Morganella pyschrotolerans and
Morganella morganii may also cause fish spoilage and the effects ef khkadu plum
extracts should also be tested against these [maatefuture studies. Notably, the extracts
also inhibited total viable bacterial counts ina@dcstored fish model, indicating that they
also inhibit the growth of other bacterial speci€sus, the preservative properties of these

extracts are more versatile than just as inhibibd@hewanella spp. growth.
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Figure Legends:

Figure 1 Growth inhibitory activity of the Kakadu plum extta against (ap. putrefaciens,

(b) S baltica, (c) S frigidimarina and (d)S. loihica environmental isolates measured as zones
of inhibition (mm). M = methanolic extract; W = agpus extract; E = ethyl acetate extract; C
= chloroform extract; H = hexane extract; Amp = &illn (10 pg). Results are expressed as
mean zones of inhibition £ SEM. # indicates fruitracts which are significantly less potent
than the corresponding leaf extracts (p < 0.0l1)jndicates leaf extracts which are

significantly more potent than the correspondingt fextracts (p < 0.01).

Figure 2 Inhibition of bacterial growth on southern blagagream fish fillets by methanolic
Kakadu plum fruit and leaf extracts. Total viabkcterial growth was calculated across a 15
day period as (a) individual growth curves for efrgiatment expressed as 19GFU/g and
(b) % of the untreated bacterial growth for eagatment. Bacterial growth for all treatment

groups were measured at 5 day intervals follommogulation. Results are expressed as mean
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zones of inhibition £ SEM of 3 portions in triplteaat each time interval. * indicates results

that are significantly different to the untreatechizol (p < 0.01).

Figure 3 The lethality of the Kakadu plum extracts (2000/mplg and the potassium
dichromate (1000 pug/mL) and seawater controls tds#rtemia franciscana nauplii after 24
hours exposure. M = methanolic extract; W = aquendisact; E = ethyl acetate extract; C =
chloroform extract; H = hexane extract; NC = negafiseawater) control; PC = potassium

dichromate control (1000 pg/mL). Results are exggesas mean % mortality £ SEM.

Figure 4 Total compound chromatograms (TCC) of 2 pL inmtsi the methanolic Kakadu
plum leaf extract in (a) positive and (b) negative RR-HPLC mode. Notable compounds

putatively identified are indicated in the chrongaams.
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Table S1 The mass of dried extracted material, the conceotrafter resuspension in deionised water, gualggphytochemical screenings and antioxidant ciéipac

of the Kakadu plum fruit and leaf extracts.
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+++ indicates a large response; ++ indicates aemabe response; + indicates a minor responsejcait@$ no response in the assay. FM = methanokadiaplum
fruit extract; FW = aqueous Kakadu plum fruit etrd&E = ethyl acetate Kakadu plum fruit extrac®; £ chloroform Kakadu plum fruit extract; FH = heeaKakadu
plum fruit extract; LM = methanolic Kakadu plum feaxtract; LW = aqueous Kakadu plum leaf extradE £ Kakadu plum ethyl acetate leaf extract; LC :
chloroform Kakadu plum leaf extract; LH = hexanekKdu plum leaf extract. Antioxidant capacity wasedmined by DPPH reduction and is expressed as

ascorbic acid equivalence per g plant materiabekdd.
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Table 1 Disc diffusion and liquid dilution MICs againStputrefaciens, S baltica, S. frigidimarina and

S loihica growth (ug/mL) andirtemia nauplii bioassay L6 values (ug/mL) of Kakadu plum fruit and
leaf extracts.

Artemia nauplii
MIC (g/mL) bioassayp
S. S.
putrefaciens S. baltica frigidmarina S. loihica LCso(pg/mL)
D.D. L.D. D.D. L.D. D.D. L.D. D.D. L.D.
FM 1160 986 1077 991 1711 1471 1187 934 2028
FW 1869 1645 2202 2400 2774 2015 2636 1582 1980
FE 1000 860 4326 >5000 1331 1025 932 692 1655
FC - - - - - - 4485 >5000 -
FH - - - - - - - -
LM 93 73 104 85 466 391 95 55 1283
LW 472 321 625 669 856 753 256 197 1375
LE 311 252 846 770 784 533 469 219 1068
LC 881 960 862 765 - - 2562 1614 -
LH 841 807 1396 1160 - - 2829 1924 -

D.D. = disc diffusion; L.D. = liquid dilution; Nundrs indicate the mean D.D. MIC, L.D. MIC and4,C
values of triplicate determinations. - indicatesmabition; F = fruit; L = leaf; M = methanolic évact;
W = aqueous extract; E = ethyl acetate extract;dBleroform extract; H = hexane extract.
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Highlights:

» Terminalia ferdinandiana extracts displayed potent growth inhibitory properties against all
Shewanella spp. tested.

» The methanolic leaf extract was a particularly potent inhibitor of S. putrefaciens

* Treatment of sea bream fillets with T. ferdinandiana extract significantly inhibited bacterial
growth.

* LC-MS andysisidentified 10 tannins and 3 flavonoids which may contribute to Shewanella

spp. growth inhibition.



