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Introduction

Diazotrophic bacteria are associated with numerous agri-

culturally important plants, including oil palms (Weber

et al. 1999). In many cases, the relationship between dia-

zotrophs and the plant is well established, but for the

sago palm (Metroxylon sagu Rottboell.), little is known,

with the association being established only recently in

sago palms in the Philippines (Shrestha et al. 2006,

2007).

Sago palm is endemic to New Guinea, and pith-derived

starch has been consumed as a traditional and staple food

for thousands of years. It covers an estimated one million

hectares of land poorly suited to other crops (Power

1999), and the starch is a principal source of carbohy-

drates for c. 10% of the population (Sopade 2001).

Traditional starch extraction techniques used in Papua

New Guinea (PNG) ensure microbial colonisation of

stored starch, including potential food pathogens and

toxigenic fungi (Greenhill et al. 2007a,b, 2008). Natural

fermentation occurs in the starch, inhibiting microbial

pathogens (Greenhill et al. 2009). A complex interaction

of chemical and environmental factors determines which

organisms grow (Montville 1997). Sago starch is known

to be high in carbohydrate but low in protein, i.e. bio-

logically available nitrogen (Sopade 2001); and it is pos-

sible that the low level of biologically available nitrogen

limits microbial community development. Given past

reports of severe haemolytic illness associated with the

consumption of old sago starch attributed to a microbial

toxicosis (Taufa 1974; Donovan et al. 1977), a greater

understanding of the microbial ecology of sago starch is
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Abstract

Aims: To determine the presence and contribution of diazotrophic bacteria to

nitrogen concentrations in edible starch derived from the sago palm (Metroxy-

lon sagu).

Methods and Results: Isolation of diazotrophic bacteria and analysis of nitro-

gen fixation were conducted on pith, root and sago starch samples. Acetylene

reduction showed that five of ten starch samples were fixing nitrogen. Two

presumptive nitrogen-fixing bacteria from starch fixed nitrogen in pure culture

and five isolates were positive for the nif H gene. Nitrogen concentrations in

51 starch samples were low (37 samples <0Æ2 g kg)1; 14 ranging from 0Æ2 to

2Æ0 g kg)1).

Conclusions: Nitrogen fixation occurs in sago starch, which undoubtedly plays

a role in fermentation ecology. Nitrogen levels are considered too low to be of

nutritional benefit and to protect against nutritional-associated illnesses.

Significance and Impact of the Study: Sago starch does not add significantly to

the protein calorie intake and may be associated with susceptibility to nutri-

tional-associated illness.
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required. It is also appreciated that protein malnutrition

influences serum albumin levels and hence impacts on

the ability of the body to bind such entities as bilirubin,

fatty acids, hormones and drugs. Lower serum albumin

levels predispose to various diseases some of which are

haemolytic in nature (e.g. Walters and Porter 1964;

Said-Fernández and Lopéz-Revilla 1988). On account of

these considerations, we aimed to determine whether

nitrogen fixation occurs in traditionally stored sago

starch, which could have implications for human nutri-

tion and health.

Materials and methods

Nitrogen fixation in sago starch and isolation of

nitrogen-fixing bacteria

Sago starch samples (10) collected in Balimo, Western

Province, PNG, were tested for nitrogen fixation. All sago

samples had been extracted and stored using traditional

techniques which retain moisture; resulting sago starch

typically has a water activity of >0Æ990 (Greenhill et al.

2007b). Samples were packaged and transported in sealed

plastic bags to retain moisture. Duplicate 5 g samples of

moist starch were weighed into universal tubes and sealed

with a Suba seal. One of the duplicate tubes was gassed

with nitrogen for 2 h, the other left ungassed. Tubes were

incubated at 30�C for 24 h; 2 ml of acetylene was added

and incubated continued for another 24 h. Then, 2 ml of

headspace gas was removed and injected into a 6-ml vac-

uum blood collection tube (Vacutainer�; BD, Sydney,

NSW, Australia) to which 50 ll of propane was added as

a control marker. Samples were analysed by gas chroma-

tography (GC) for ethylene, using a Hewlett Packard

HP6890 series GC system – J&W 1134332 GS-GASPRO

column (Aligent Technologies, Melbourne, Victoria, Aus-

tralia) and a flame ionisation detector set at 300�C. The

oven temperature was isothermal at 50�C, and the injec-

tor temperature was 105�C. Helium was used as the

carrier gas. Retention time was 0Æ580 min for ethylene

and 0Æ788 min for acetylene. Ethylene standards were used

to determination ethylene concentrations in the samples.

Sago starch samples were dried at 45�C for 4 days;

rates of ethylene production were calculated on a sago

dry weight basis.

Selected samples of moist sago starch were analysed for

nitrogen-fixing bacteria. Ten grams (±0Æ1 g) (wet weight)

was diluted in 90 ml phosphate-buffered saline (PBS) and

mixed for 2 min using a Seward stomacher (John Morris

Ltd, Brisbane, Qld, Australia). Serial dilutions were made

(1 ml + 9 ml PBS) to give dilutions (10)1–10)6). These

were plated in duplicate on Diazotroph (NFb) medium

with 1Æ5% agar (Dobereiner 1980) and nitrogen-free agar

(mannitol 10 g l)1, K2HPO4 0Æ8 g l)1, KH2PO4 0Æ2 g l)1,

MgSO4Æ7H2O 0Æ5 g l)1, FeCl3Æ6H2O 0Æ1 g l)1, NaMoO4Æ
2H2O 0Æ005 g l)1 and agar 15 g l)1). Plates were incu-

bated at 30�C for 7 days. Presumptive nitrogen-fixing

bacteria were estimated by counting mucoid colonies.

Colonies were purified on NFb and nitrogen-free agar,

identified and nitrogen fixation confirmed using the

acetylene reduction technique. Selected isolates were iden-

tified using Vitek� II (bioMérieux, Sydney, NSW, Austra-

lia) and ⁄ or 16S rDNA sequencing.

For molecular identification, DNA was extracted using

a DNeasy extraction kit (Qiagen Pty Ltd, Melbourne,

Victoria, Australia). PCRs were performed with reagents

from Promega (Sydney, NSW, Australia) containing

50 ng template DNA, 1· GoTaq Colourless Master Mix

0Æ8 lmol l)1 mixed primers and molecular biology grade

H2O (to 30 ll). Primers (Sigma, Australia) and cycling

conditions were as described by Narde et al. (2004) and

amplified a 1099-bp fragment of the 16S rDNA gene.

Reactions were purified and sequenced by Macrogen

(Seoul, Korea), using ABI 3700 (Applied Biosystems,

Seoul, Korea) automated sequencing machines. Raw

sequence data were analysed and aligned using Sequenc-

er 4.8 software (Gene Codes Corporation, Ann Arbor,

MI) and the 16S rDNA sequences compared to those in

GenBank using blast. All 16S RNA sequences have

GenBank accession numbers (HM598072–HM598081).

Confirmation of nifH gene was completed using the

methods of Ding et al. (2005). The nifH gene positive

control was Azospirillum brasilense sp-245. PCR products

were verified by sequencing and analysis as above.

Nitrogen fixers in the pith and rhizoplane of sago palm

Pith and roots of five palms (growing in a swamp near

Balimo, Western Province, altitude 203 m) were tested

for nitrogen fixation activity and diazotrophic bacteria.

Triplicate pith samples were taken by removing the bark,

sanitising the pith surface (70% ethanol) and collecting

samples with a sterile hand auger. The extracted pith was

collected into a sterile specimen container. This process

was employed to prevent the contamination of pith sam-

ples. Triplicate samples of surface roots (top 50 mm of

soil) were taken with spade, scissors and forceps (sterile),

and adhering soil was shaken free.

Samples taken into individual sterile containers were

processed within 2 h. Pith (c. 0Æ33 g – three replicates

from each palm) was ground in a sterile mortar in 0Æ85%

saline solution (9 ml) and serial dilutions (10)1–10)7)

prepared. Aliquots (1 ml) of each dilution were placed in

gas-tight tubes (triplicate) containing 9 ml Rennie med-

ium without rice extract, hereafter termed endophyte

medium (Elbeltagy et al. 2001). It contained yeast extract,
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mannitol, sucrose, malate and lactate as the carbon

sources. Washed and ground palm root serial dilutions

were prepared as above, and aliquots (1 ml) of each dilu-

tion were placed in gas-tight tubes (triplicate) of Burk-

holderia (BAz) medium (Estrada-De Los Santos et al.

2001), NFb medium (Dobereiner 1980) and glucose (LG)

medium (Cavalcante and Dobereiner 1988). BAz medium

contained azelaic acid (carbon source suitable for most

Burkholderia species); NFb medium contained malate as

the carbon source and LG medium contained sucrose

(5 g l)1). This meant that each medium favoured particu-

lar groups of nitrogen fixers (Dworkin et al. 2007).

Population estimates were made using the three-tube

most probable number (MPN) technique utilizing broth

equivalents of the media above. Tubes were incubated at

25–30�C for 8 days and observed for evidence of growth.

Presumptive positive tubes were confirmed using the

acetylene reduction assay. Headspace gas (1 ml) was

removed from tubes and replaced with 1 ml of acetylene.

Tubes were incubated for a further 24 h at 30�C; subse-

quently another 1 ml sample of headspace gas was

removed for GC analysis.

Nitrogen-fixing bacteria were isolated from presump-

tive positive tubes by plating 5 ll liquid onto the corre-

sponding solid medium (i.e. aliquots taken from

presumptive NFb tubes were placed on NFb solid med-

ium and so on) and incubated for 6 days at 25�C. Pure

cultures were obtained on nitrogen-free agar. Putative

nitrogen-fixing cultures were then established (250 ll of

the overnight culture) in a Vacutainer� tube containing

5 ml glucose-thioglycollate (GT) broth culture (Neilson

and Sparell 1976) supplemented with 1Æ0 g l)1 of casa-

mino acids. Cultures were incubated for 12 h at c. 25�C

under a stream of nitrogen gas bubbled through the

broth, then sealed and incubated for a further 4 days at

30�C. Then, 1 ml of headspace gas was analysed. Isolates

that did not grow anaerobically were placed on nitro-

gen-free agar slopes supplemented with 0Æ02 g l)1 of

yeast extract (Gyaneshwar et al. 2001), incubated at

30�C for 4 days; bottles were then stoppered using a

Suba seal and 2 ml of acetylene was added. After 6 h at

30�C, 1 ml sample of headspace gas was taken for analy-

sis by GC.

Isolates were identified to genus level using Vitek� II.

Selected isolates were tested for the presence of the nifH

gene as indicated.

Determination of nitrogen concentrations in sago starch

Moist sago starch (51 samples) was assayed for nitrogen

using the method outlined by Sweeney (1989). Approxi-

mately, 2 g (to precision of 0Æ001 g) sub-samples of sago

starch were pelletised and analysed – Elementar RapidN

analyser (Elementar Analysensysteme GmbH, Hanau, Ger-

many). The lower limit for accurate detection of nitrogen

was 0Æ2 g kg)1.

Dry matter content of samples was determined by heat-

ing at 105�C under nitrogen using an automated Leco

thermogravimetric analyser (Leco Corporation, St Joseph,

MI, USA).

Results

Nitrogen fixation in sago starch

Nitrogenase activity was variable in moist sago starch. It

was detected in eight of the ten samples analysed; activity

in three of those samples was very low (Table 1).

In five sago samples tested (W0404-01, W0404-03,

W0404-06, W0404-13 and W0404-14), presumptive nitro-

gen fixers were isolated; two were positive for nitrogenase

activity in pure culture. Isolates were identified as Ente-

robacter cloacae (N-fixer old #2) and Raoultella ornithinol-

ytica (N-fixer fresh #2) using the Vitek� II system.

Further identification was by 16S rDNA sequencing and

analysis for the nifH gene (Table 2).

Nitrogen-fixing bacteria

Nitrogen fixation was detected in the rhizosphere (five

palms) using LG medium, with numbers up to 2Æ4 · 105

organisms per g. Lower numbers were enumerated using

BAz and NFb media. In the pith, fixation was detected in

one of the five samples at very low numbers estimated

(Table 3).

Numerous bacterial strains were isolated from the

rhizosphere ⁄ rhizoplane but none exhibited nitrogenase

activity in pure culture.

Table 1 Rate of nitrogen fixation (nmol l)1 of ethylene production) in

moist sago starch and enumeration of presumptive nitrogen-fixing

bacteria from selected sago samples

Sago

sample

Approximate

storage

duration

Nitrogen fixation

rate nmol l)1

per g per h

Presumptive

nitrogen fixers

(organisms per g)

W0404-01 3 weeks 0Æ000 1Æ1 · 106

W0404-03 3 weeks 0Æ000–0Æ002 2Æ1 · 106

W0404-06 1 month 0Æ012–0Æ023 3Æ2 · 107

W0404-07 Unknown 0Æ002–0Æ003 NE

W0404-08 2 months 0Æ000–0Æ010 NE

W0404-09 2–3 months 0Æ000 NE

W0404-10 2 months 0Æ335–0Æ494 NE

W0404-13 3 months 0Æ029–0Æ558 1Æ1 · 107

W0404-14 1 week 0Æ218–0Æ430 5Æ9 · 108

W0404-15 1 month 0Æ025–0Æ119 NE

NE samples not enumerated.
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Nitrogen concentrations in sago starch

Nitrogen concentrations in 37 of the 51 samples tested

were below the limit of detection (<0Æ2 g kg)1). Of the

positive samples, one contained 2Æ0 g kg)1 nitrogen and

the others 0Æ0Æ2–1Æ0 g kg)1.

Discussion

Nitrogenase activity was demonstrated in eight of ten

moist sago samples analysed. Four of the ten samples

tested showed maximum rates of ethylene production of

0Æ119 nmol l)1 per g per h or higher, similar to nitroge-

nase activity of rhizosphere soil associated with tropical

grasses (Day 1977; Sprent and Sprent 1990; Elbeltagy

et al. 2001). The nitrogen fixers found in moist sago

starch most likely originated from soil and ⁄ or foliage

during maceration and extraction of the starch from the

palm trunk, as the pith showed limited evidence of nitro-

gen fixers (Table 3). However, we do not discount contri-

butions by endophytes, as nitrogen fixation has been

observed in sago palm pith samples (Shrestha et al. 2006).

Moreover, complex microbial interaction may be occur-

ring within the pith of plants, requiring targeted method-

ologies to detect diazotrophic bacteria (Minamisawa et al.

2004).

Fixation of nitrogen in sago starch may be significant

for providing a nitrogen source to other microbes. They

require approximately one atom of nitrogen for every ten

atoms of carbon utilized (Alexander 1977). Nitrogen-

fixing activity and nitrogen levels were analysed in different

samples. Hence, we are unaware of the direct contribu-

tions to nitrogen levels in sago made by nitrogen fixation.

Regardless, nitrogen fixation is unlikely to have a major

Table 2 Identification of bacterial isolates from sago starch associated with nitrogen fixation based on a BLAST search of GenBank isolates and the

presence ⁄ absence of the nifH gene. Identification is based on sequence comparison to cultured isolates identified to species level in GenBank

Isolate Origin Closest related species based on 16S rDNA and accession number (% match) nif gene

NF fresh #2* Starch Raoultella ornithinolytica, GU586144 (99Æ7)� Negative

NF old #2*� Starch Enterobacter oryzae, EF488758 (99Æ8); Klebsiella oxytoca, EU931550 (99Æ8) Negative

Bal 1 Starch Enterobacter oryzae, EF488760 (99Æ7); Kl. oxytoca EU931550 (99Æ6) Positive

Bal 2 Starch Enterobacter oryzae, EF488758 (99Æ2) Positive

F3 Starch Enterobacter oryzae, EF488760 (99Æ7); Kl. oxytoca EU931550 (99Æ7) Positive

W6 Starch Klebsiella pneumoniae, GU373625 (100); Klebsiella variicola, NR_025635 (100) Negative

W13 Starch Burkholderia tropica, NR_028965 (100) Negative

W14 ⁄ 1 Starch Enterobacter oryzae, EF488758 (99Æ8); Kl. oxytoca, EU931550 (99Æ8) Positive

W14 ⁄ 2 Starch Cronobacter turicensis GU122175 (98Æ3); Cronobacter sakazakii, GU122184 (98Æ1) Positive

LG-8 Rhizosphere Pectobacterium cypripedii, FJ823047 (98Æ9)§; Erwinia aphidicola, AB273744 (98Æ4) Positive

LG, glucose.

*Demonstrated nitrogen fixation using acetylene reduction.

�Same identity determined using VITEK.

�Identified as Enterobacter cloacae using VITEK.

§Now classified as Pantoea cypripedii.

Table 3 Estimated number of nitrogen-fixing

bacteria (per g sample material) isolated from

sago palms using the most probable number

technique and confirmation using gas chro-

matography with 95% confidence intervals in

parenthesis

Sago

palm

Rhizosphere Pith

BAz LG NFb EN

1 <0Æ03 2Æ4 · 105 2Æ3 · 101 <0Æ03

(NA–0Æ095) (4Æ2 · 104–1Æ0 · 106) (4Æ6–9Æ4 · 101) (NA–0Æ095)

2 <0Æ03 2Æ4 · 103 2Æ3 · 101 3Æ6

(NA–0Æ095) (4Æ2 · 102–1Æ0 · 104) (4Æ6–9Æ4 · 101) (0Æ17–1Æ8 · 101)

3 2Æ3 · 101 4Æ3 · 101 2Æ4 · 102 <0Æ03

(4Æ6–9Æ4 · 101) (9Æ0–1Æ8 · 102) (4Æ2 · 101–1Æ0 · 103) (NA–0Æ095)

4 <0Æ03 1Æ5 · 102 9Æ2 <0Æ03

(NA–0Æ095) (3Æ7 · 102–1Æ0 · 104) (1Æ4–3Æ8 · 101) (NA–0Æ095)

5 <0Æ03 4Æ3 · 102 2Æ3 · 101 <0Æ03

(NA–0Æ095) (9Æ0 · 101 – 1Æ8· 103) (4Æ6–9Æ4 · 101) (NA–0Æ095)

BAz, Burkholderia medium; LG, glucose medium; NFb, Diazotroph medium; EN, endophyte

medium; NA, lower confidence interval not applicable.
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effect on human dietary intake, because the highest nitro-

gen concentration detected was 2 g kg)1, equivalent to

14 g kg)1 protein. Sago consumers experience close to a

subsistence diet in both protein and energy. This could

predispose them to albumin deficiency and the related

problems of haemolytic crisis (Walters and Porter 1964;

Kaysen et al. 1995). There is some evidence to suggest

that haemolytic crises may be more common in the PNG

lowlands when protein is scarce (unpublished data).

Presumptive nitrogen fixers were shown in sago starch

on the basis of growth on nitrogen-free media, which can

be problematic (e.g. Elbeltagy et al. 2001). Nonetheless,

nitrogenase activity was detected in R. ornithinolytica

(fresh sago) and an unnamed N-fixer with affinities with

Enterobacter oryzae and Klebsiella oxytoca (old sago). Both

of the latter are nitrogen fixers (e.g. Chelius and Triplett

2000; Peng et al. 2009). No reports exist of the diazo-

trophic nature of R. ornithinolytica (formerly Klebsiella

ornithinolytica), nor did we detect the nifH gene, despite

evidence of nitrogenase activity. Perhaps it functioned as

a nondiazotrophic partner for a diazatroph in a coopera-

tive, stimulatory arrangement (Shrestha et al. 2007).

Other isolates from starch with nitrogenase activity

were shown by 16S rDNA sequencing to be related to

Burkholderia tropica (W13), Cronobacter sakazakii or Cro-

nobacter turicensis (W14 ⁄ 2) (both species formerly classi-

fied as Enterobacter sakazakii) and Pantoea cypripedii

(formerly Pectobacterium cypripedii) or Erwinia aphidicola

(LG-8) and were positive for nifH. The first two isolates

came from extracted sago starch and the latter from the

rhizosphere. The diazotrophic capacity of B. tropica and

P. cypripedii has been established (Reis et al. 2004; Behar

et al. 2005). We are unaware of Cronobacter spp. being

diazotropic; the identification we made was not conclu-

sive. One rhizosphere isolate was sequenced and found

positive for the nifH gene – it was identified as Pectobac-

terium cypripedii (with a comparable match to Erw. aph-

idicola, see Table 2). Our inability to detect nifH in NF

old#2, W6 and W13, whose identification matches known

diazotrophic isolates, is an interesting observation. Some

species consist of diazotrophic and nondiazotrophic

strains (Dworkin et al. 2007) but it is rare. Further analy-

sis is warranted using more specific primers to idenitify

the organisms and nif primers designed for the specific

organisms.

It is possible that other strains isolated may indeed be

genuine nitrogen-fixing bacteria, but activity was not

detected in pure culture. On the other hand, we may have

missed important anaerobic diazotrophs through failure

to look for them. Some of these cohabit with aerobes

enabling fixation to occur in habitats where they are not

normally expected to flourish (Minamisawa et al. 2004;

Shrestha et al. 2007). The presence of such diazotrophs

could explain our inability to isolate fixers from some

samples showing acetylene-reducing activity (Table 1).

Diazotrophic bacteria in the starch undoubtedly impact

on the microbial community structure as indicated by

Minamisawa et al. (2004) for the clostridia (we detected

clostridia in sago starch as part of the investigation of

haemolytic producers; they were present in low numbers).

We suggest further that the fixed nitrogen is likely to have

some impact on the growth and survival of pathogenic

and toxigenic microbes present in sago starch, and further

work in this area is warranted.
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