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Abstract

Background and aims Dieback is pervasive in many
populations of invasive woody weeds globally. Previous
studies on dieback have focused on specific potential
causative biotic agents, but most cases remain unex-
plained. The potential role of endophytic microbial com-
munities in dieback, including the relative importance of
endophytes with pathogenic or protective capabilities, re-
mains poorly studied. We tested whether changes in ar-
chaeal, bacterial and fungal endophyte community struc-
ture is associated with dieback occurrence in the invasive,
leguminous tree, Parkinsonia aculeata L. (parkinsonia).
Methods We sampled roots, stems and stem tips from
healthy and dieback-affected parkinsonia and conducted
terminal restriction fragment length polymorphism (T-
RFLP) analysis on DNA extracted from these samples
using domain-specific primers for archaea, bacteria and
higher fungi.
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Results Microbial community composition strongly dif-
fered with parkinsonia disease status (archaea, bacteria and
fungi) and plant part (archaea and fungi). Plant part and
disease status effects were strongest in archaca. We also
found evidence implicating both pathogenic and potential-
ly protective endophytes in the onset of dieback.
Conclusions This is the first study that has shown sig-
nificant associations between changes in endophyte com-
munity composition and dieback presence. Our results
highlight the complexity of those changes and provide
support for the hypothesis that diverse pathogenic and
protective endophytes may be implicated in dieback.
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endophytes - Fungal endophytes - Microbial consortia -
Beta diversity - Decline spiral - Molecular community
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Abbreviations

T-RFLP Terminal restriction fragment length
polymorphism

OTU Operational taxonomic unit

PERMANOVA Permutational multivariate analysis
of variance

CAP Canonical analysis of principle
coordinates

Introduction

We define dieback in perennial plants as a progressive
reduction in health resulting in the death of plant parts
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and often outright death of the whole plant that is not
age-related or explained by a specific stress such as fire
or prolonged flooding. It can result in local ex-
tinctions, either as a gradual process over many
years or as a more sudden occurrence. Reports of
dieback are increasingly common in native and
invasive plant species globally (La Porta et al.
2008). Microorganisms are often implicated (e.g.,
Mueller-Dombois 1987; Kowalski and
Holdenrieder 2009; Herrero et al. 2011; Ismail
et al. 2012; Mehl et al. 2013), and dieback in
some tree and shrub species has been found to
result from single pathogens, sometimes in the
presence of stressors (Rice et al. 2004; La Porta
et al. 2008; Pautasso et al. 2013; Scarlett et al.
2013; Aghighi et al. 2014). More often, causal
explanations remain elusive (Houston 1992;
Slippers and Wingfield 2007; Sakalidis et al.
2011; Jami et al. 2013). This might be due, in
part, to complex interactions between pathogens,
the host and the environment as described in
dieback models by Houston (1992) and Manion
(1991). To add a further layer of complexity, the
absence of potentially protective endophytes,
which normally improve the host’s resistance to
pathogen infection (Arnold et al. 2003;
Newcombe et al. 2009), might cause the host to
become more susceptible to infection by generalist
pathogens, resulting in dieback (Evans 2008).
Explaining dieback is therefore difficult for several
reasons. First, many organisms are resistant to
culture (Hawksworth and Rossman 1997) and cul-
tivation is often biased towards ubiquitous, fast-
growing organisms which outcompete more
specialised species with specific requirements
(Aly et al. 2011). Second, dieback in individual
plants may be caused by multiple pathogens.
Third, expression of dieback is often mediated by
complex interactions between these pathogen(s),
the host and potential dieback suppressing organ-
isms (Mendes et al. 2011). Improving our under-
standing of the role of all endophytes associated
with dieback, including those not easily cultured,
may therefore provide new insights into this
phenomenon.

Over the past two decades there have been an
increasing number of reports of dieback in inva-
sive woody plants in Australia, including many of
the 20 taxa ranked as weeds of national

@ Springer

significance (Wilson and Pitkethley 1992; van
Klinken et al. 2009; Bissett et al. 2012). These
dieback-affected invasive plants include Mimosa
pigra (Wilson and Pitkethley 1992; Sacdalan
et al. 2012), Rubus anglocandicans (Aghighi
et al. 2012), Acacia nilotica ssp. indica (Haque
et al. 2012) and Chrysanthemoides monilifera ssp.
rotundata (Morin et al. 2014). Reported symptoms
include loss of leaves, browning of the stem tips
that gradually moves down the plant, loss of vig-
our and death of plant parts and finally whole
plant death. Population decline can be local or
extensive and in some cases results in populations
dying out (Manion 1991). Since there is potential
for dieback to be an effective method of natural
weed control, identification of the cause would be
beneficial. Invasive tree decline has been observed
in other countries too, for example in South Africa
with Acacia cyclops (Impson et al. 2011) and
Hakea sericea (Cronk and Fuller 1995), and in
the USA with Melaleuca quinquenervia
(Rayachhetry et al. 1997). These are all woody
plant species native to Australia that have become
serious invaders elsewhere. Dieback in invasive
plants is at odds with the enemy-release hypothesis
(Keane and Crawley 2002; Mitchell and Power
2003) which suggests that successful invasive
plants often leave their natural, native enemies
behind. In these cases however, there is no evi-
dence that dieback occurs in the native ranges,
suggesting that the cause of dieback is encountered
upon introduction to the invasive range.

Recent studies show the important role endo-
phytic communities play in plant health, and that
interactions between these communities are com-
plex, with members from at least three microbial
domains (archaea, bacteria and fungi) potentially
contributing to plant performance (Ruppel et al.
2013). Since all three groups may be involved in
disease expression (as pathogens, mutualists or
commensals), it is possible that interactions be-
tween these communities contribute to dieback
occurrence or absence. Invasive plant species are
not only likely to be exposed to a novel endophyt-
ic community (Mitchell and Power 2003) but may
also have different suite of endophytes (Evans
2008). The enemy release hypothesis (Keane and
Crawley 2002) suggests that upon introduction,
some invasive plant species may leave behind



Plant Soil (2016) 405:311-323

313

specialist pathogens normally encountered in the
native environment but maintain endophytes that
confer potentially protective or beneficial effects.
This gives the invasive species an advantage in the
new range. Evans (2008) describes the endophyte-
enemy release hypothesis where both beneficial
endophytes and pathogens are left in the native
range. Leaving native-range endophytes behind
that normally protect the plant from pathogens
could benefit the plant since they usually require
resource allocation, but this is only advantageous
if the host is not re-united with its natural ene-
mies, as in the case of classical biocontrol. This is
of particular concern since plants are constantly
challenged with infection by potential pathogens
from multiple microbial consortia. Over 33,000 archaeal
and bacterial operational taxonomic units (OTUs) were
detected in disease-suppressive soils, and certain soil-
borne bacterial groups were consistently associated with
disease suppression of the fungal plant pathogen
Rhizoctonia solani (Mendes et al. 2013). Metabolites
produced by endophytic bacteria (Brader et al. 2014) or
fungi (Aly et al. 2011) may also play a role in disease
suppression in their host. Since the presence of beneficial
endophytes may prevent disease onset or progression, it
is possible that dieback occurrence is a result of the lack
of these endophytes, and not simply the presence of
certain pathogens.

Classical pathology research on dieback has
usually focused on either root-associated patho-
gens, or on endophytic pathogens from stems of
affected plants. Nonetheless, microbial community
structure has been shown to vary across different
parts of plants, which provide unique habitats for
these microorganisms (Rudgers and Orr 2009;
Thongsandee et al. 2012). The cultivation of en-
dophytic streptomycetes from above- and below-
ground parts of Quercus serrata, for example,
concluded that some species may be organ specific
(Thongsandee et al. 2012) and a wider range of
actinomycetes is thought to be associated with
roots rather than with stems in rice (Tian et al.
2007). Archaeal, bacterial and fungal endophytes
respond to changes in external environmental
stress (Ruppel et al. 2013), which may affect dif-
ferent plant parts in different ways. These micro-
organisms can fulfil a range of functions, including
carbon conversion throughout the plant, transport
and stress response processes, methanogenesis in

the rhizosphere (Knief et al. 2012) or via the
production of secondary metabolites that alter host
physiology and increase resistance to abiotic or
biotic stressors (van Loon et al. 1998). Since mi-
crobial associations with host plants might differ
depending on their location within the plant (e.g.,
arbuscular mycorrhizal fungi vs. other endophytes),
both above- and below-ground endophytic commu-
nities should be considered when investigating the
cause of dieback.

Parkinsonia aculeata L. (Leguminosae:
Caesalpinioideae; commonly referred to as parkinsonia)
is a tree invasive to northern Australian rangelands
(Pichancourt and van Klinken 2012) originally intro-
duced from South America (Hawkins et al. 2007).
Parkinsonia now occurs across northern Australia,
with its dense, thorny thickets impacting the pas-
toral industry and the environment (van Klinken
and Heard 2012). Dieback has been observed
across most of its Australian distribution (Diplock
et al. 2008) and may be an important factor lim-
iting its environmental and economic impacts (van
Klinken et al. 2009). Although the effects are
often spectacular, the cause of dieback in
parkinsonia remains unknown. Parkinsonia occurs
in diverse climates and habitats across Australia
(Pichancourt and van Klinken 2012), so dieback
is not obviously associated with specific stressors
such as drought or flood. Extensive studies using
classical pathology techniques have isolated gener-
alist pathogens from parkinsonia stems (Diplock
et al. 2006, 2008; Toh et al. 2008; Toh 2009),
but have as yet failed to identify any causal link
with the observed dieback phenomenon (van
Klinken et al. 2009). A range of native herbivores
are present on parkinsonia, and three biocontrol
agents from the native range have been introduced,
but insect herbivory on parkinsonia is generally
negligible in Australia (van Klinken et al. 2009;
van Klinken and Heard 2012). Extensive surveys
of natural enemies have been conducted across the
native range of parkinsonia (Bell et al. 2013) but
dieback has never been observed there (van
Klinken et al. 2009; van Klinken and Heard
2012).

We hypothesise that the occurrence of parkinsonia
dieback is associated with a change in endophytic
microbial community structure, and that this change
might vary between different parts of the plant. Most
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dieback studies focus on pathogens from specific
taxa — higher fungi in the case of parkinsonia. In
this study we test whether multiple endophytic or-
ganisms are responsible for dieback, possibly as a
disease complex with multiple taxa causing an infec-
tion or as part of a community involving both path-
ogenic and endophytic taxa. We expect pathogenic
endophytes to be more closely associated with
dieback-affected parkinsonia and protective endo-
phytes with healthy parkinsonia.

Materials and methods
Tree sampling

We sampled five trees from each of three replicate
dieback-affected and three healthy populations of
parkinsonia on pastoral properties between 20 and
40 km north of Charters Towers, Queensland
(Fig. 1, Appendix Table 5). For each tree we

sampled three roots, stems and stem tips and
pooled the samples by plant part. Sites were paired
into one healthy and one dieback-affected popula-
tion such that, where possible, pairs were closer to
each other than to other replicates (Fig. 1).
Parkinsonia was categorised as healthy if plants
were unambiguously healthy with 70-100 % fo-
liage cover, all major and minor stems healthy, and
no consistent vascular staining or browning of
branches (Fig. 2a). Dieback-affected parkinsonia
trees (Fig. 2b) were classified as live specimens
that showed evidence of dieback including defoli-
ation (1-40 % foliage cover), dead or dying stems
(Fig. 2¢), vascular staining when sampled (Fig. 2d)
and evidence of tissue death in the stem tips. All
trees sampled were mature: >25 cm trunk circum-
ference at 30 cm above ground level and >2 m
tall.

Tools for collecting samples were sterilized be-
tween sites by immersing in 50 % NaClO for
5 min, and dried with sterile paper towel before
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Fig. 1 Parkinsonia aculeata sampling sites for this study, March 2013. Property names are indicated by arrows and the insert shows the

location of Charters Towers in Queensland
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Fig.2 A healthy (a) and dieback-
affected (b) Parkinsonia aculeata
tree, stem of a dieback-affected
tree (¢) and stem vascular staining
of a dieback-affected tree (d).
Charters Towers, Queensland
March 2013

next use. Where possible, samples were collected
first from healthy parkinsonia, followed by
dieback-affected trees. Three roots, stems and stem
tips (each 5-8 cm long) were sampled from each
individual tree. Stems were sourced from second-
ary branches of at least 1 cm diameter. Stem tips
were defined as the terminal points of the tertiary
stems from where only rachi grow. Roots were
primary or secondary roots which we could see
as connected to the sampled tree and were at least
1 cm diameter. These were rinsed free of excess
soil immediately using tap water. Samples from
the same plant part of the same plant were stored
together in sealed plastic bags with silicon packets.
All samples were maintained at 4 °C until proc-
essed in the lab within 48—72 h.

Sample processing was conducted in a UV-
sterilized laminar flow cabinet and all instruments
were surface sterilised between samples using
95 % ethanol and a flame. Plant parts were

vigorously pre-washed in sterile, distilled H,O for
20 s. For stems and stem tips a three stage
ethanol-bleach-ethanol surface sterilization method
was then used as recommended by Bills (1996).
Roots were washed for 30 s in sterile, distilled
H,O containing 0.1 % Tween-20™ since harsher
sterilization techniques are not recommended for
roots (Thorn et al. 2007). All samples were blotted
dry with sterile filter paper and surface sterilization
was checked by sliding sterilized tissue over the
surface of media as an imprint, and incubating at
30 °C for a week or longer (Bacon and Hinton
2007). The epidermis of stem tips and stems, and
a small portion of root cortex was then removed
using a sterile scalpel. Samples were stored in
sealed, individual sterile plastic containers at
—20 °C until surface sterilisation was established.
Once surface sterilized, the inner tissue was
shaved and placed in sterile paper envelopes for
DNA extraction.

@ Springer



316

Plant Soil (2016) 405:311-323

Nucleic acid analysis

Sample shavings were freeze-dried for 48 h and then
ground to a fine powder using a beadbeater for 2—3 min
in 2 mL Eppendorf tubes® containing two sterile 2 mm
steel ball bearings. The MO BIO PowerSoil® DNA
Isolation Kit was then used to extract total DNA from
approximately 20 mg of each powdered sample, accord-
ing to manufacturer’s instructions, and DNA presence
was confirmed on an agarose gel.

For T-RFLP, extracted DNA was amplified using
taxon-specific primers (Table 1) as per Singh et al.
(2006), except that amplification for each taxon was
performed individually, rather than in a multiplex reac-
tion. PCR reaction contained: MyTaq DNA polymerase
(Bioline), 4 pul 5x MyTaq Reaction Buffer, 0.5 uL
MyTaq polymerase, 5 pL extracted DNA, and varying
concentrations of primer depending on target DNA
(0.4 uM for fungi, 0.2 uM for bacteria and 1.0 uM for
fungi). PCR conditions for archaea and bacteria com-
prised 1 cycle of 95 °C for 2 min; 30 cycles of 95 °C for
15 s, 55 °C for 15 s and 72 °C for 50 s, and a final
extension step of 72 °C for 10 min. PCR conditions for
fungi were optimised as 1 cycle of 94 °C for 3 min;
30 cycles of 95 °C for 15 s, annealing at 56-50 °C,
dropping 1 °C each cycle then maintained at 50 °C for
subsequent cycles, 72 °C for | min, and a final extension
step of 72 °C for 10 min. PCRs were purified using the
Wizard®SV Gel and PCR Clean-Up System
(Promega), quantified spectrophotometrically
(Nanodrop™ ND-1000, Thermoscientific) and
30 ng PCR product digested with the restriction
endonuclease Hindll. Digests were isopropanol pre-
cipitated, resuspended in 10 pl formamide containing
LIZ600 size standard (Applied Biosystems), dena-
tured at 95 °C (3 min) and separated by size using

Table 1 PCR primers used in this study

capillary electrophoresis (ABI PRISM 3130xI
Genetic 110 Analyzer, Applied Biosystems).

Statistical data analysis

True peaks were selected in R (R Core Team 2014)
using the method by Abdo et al. (2006) with minimum
peak size 40, maximum at 600 by “Area” with 1 stan-
dard deviation and minimum threshold 20. Peaks were
then ‘binned’ using Interactive Binner v1.4 (Ramette
2009) with the following constraints: min=40, max=
600, MinRFI=0.09, window size=1, shift size=0.9.
The resulting file contained the raw relative abundance
data, which were then analysed in Primer v6 (Clarke and
Gorley 2006). Both presence/absence data and relative
abundance data were analysed, but since the analyses
showed similar results, only relative abundance data are
reported here. OTU accumulation plots for dieback-
affected and healthy samples were then constructed for
each of the three taxa using the Chaol index and 9999
permutations.

To estimate the influence of dieback occurrence and
plant part on microbial community composition, we
constructed Bray-Curtis dissimilarity matrices
(Legendre and Legendre 1998) after square-root trans-
formation of the archaeal, bacterial and fungal OTU
abundance data. The transformed data were subjected
to permutational multivariate analyses of variance
(PERMANOVA) using type III sum of squares, permu-
tation of residuals under a reduced model with 9999
permutations. This was conducted for interactions be-
tween plant part and disease status. Since the samples
were gathered from multiple sites (Fig. 1), we also tested
for geographic location effects on OTU community. We
constructed canonical analysis of principle coordinates
(CAP) graphs on the Bray-Curtis resemblance matrices

Primer Target region Sequence (5" to 3') Reference Fluorescent label
Ar3f Archaea 16S rRNA TTCCGGTTGATCCTGCCGGA (Giovannoni et al. 1988) none

AR927r Archaea 16S rRNA CCCGCCAATTCCTTTAAGTTTC (Jurgens et al. 1997) NED

63f Eubacteria 16S rRNA AGGCCTAACACATGCAAGTC (Marchesi et al. 1998) none

1087r Eubacteria 16S rRNA CTCGTTGCGGGACTTACCCC (Hauben et al. 1997) VIC

ITS1f Fungi ITS CTTGGTCATTTAGAGGAAGTAA (Gardes and Bruns 1993) FAM

ITS4r Fungi ITS TCCTCCGCTTATTGATATGC (White et al. 1990) none
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Fig.3 OTU accumulation curves for a archaea, b bacteria and ¢ fungi by disease status of host. Solid /ine indicates OTUs and samples from
dieback-affected Parkinsonia aculeata, broken line indicates healthy P. aculeata

using combined plant part and disease status factors as
groups. Finally, we conducted indicator species analysis
by plant part to test whether there were OTUs signifi-
cantly associated with either dieback parkinsonia (po-
tentially pathogenic endophytes) or healthy parkinsonia
(potentially protective endophytes). This was done
using the statistical package IndicSpecies v1.7.4 (De
Céceres and Legendre 2009) available through R (R
Core Team 2014), using 999 permutations and a 0.01
alpha significance level.

Results
Sampling effort

The number of bacterial OTUs recovered from the
T-RFLP analysis was far fewer than the number
recovered from the archaeal and fungal analyses
(Fig. 3), and for some samples there was no bac-
terial amplification (data not shown). With the
exception of archaeal diversity in dieback plants,
there was indications of OTU richness plateauing
as the number of samples increased (Fig. 3). OTU
richness in dieback samples was double that ob-
served in healthy samples for archaea and fungi,
but was unaffected by plant disease status for
bacteria.

Plant part and disease status effects

The effects of plant part, disease status and the
interaction between the two, on endophyte com-
munity composition were significant for each

microbial group (Table 2). There were no effects
on community composition due to the geographic
location of sites (data not shown). Archaeal com-
munity composition was highly structured within
healthy plants, being distinctive in each plant part
(Fig. 4a). Archaeal communities in stem tips and
roots was significantly different in dieback-affected
plants compared to healthy plants (Table 3), with
stem tip communities showing similarities with
stem communities (Fig. 4a). Archaeal community

Table 2 PERMANOVA of the Parkinsonia aculeata OTU com-
munity for the main effects of disease status and plant part and the
interaction between these effects

dft Pseudo-F P-value

Archaea
Plant part 2 6.9187 0.0001
Disease status 1 11.917 0.0001
Plant part x Disease status 2 7.1118 0.0001
Residuals 80

Bacteria
Plant part 2 3.0066 0.0031
Disease status 1 7.1639 0.0002
Plant part x Disease status 2 4.442 0.0001
Residuals 52

Fungi
Plant part 2 3.5693 0.0001
Disease status 1 3.1459 0.0004
Plant part x Disease status 2 3.2821 0.0001
Residuals 76

? Differences in df due to lack of amplification in some samples
which were not included in the analysis
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constrained by the interaction between Parkinsonia aculeata dis-
ease status and plant part for a archaeal, b bacterial and ¢ fungal

composition in stems was similar for healthy and
dieback plants (Table 3). Bacterial community
composition differed significantly with health sta-
tus for stems and tips but not roots (Table 3).
However, it was not as structured as archaeal
communities (Fig. 4a), with considerable unex-
plained variation apparent between samples
(Fig. 4b). Explanations for this pattern are limited
since Fig. 4 only describes the first two axes of
ordination in the CAP analysis. The archaeal data
was also plotted along the other axes (data not
shown) but we did not find any evidence that
archaeal community structure in dieback-affected
stem tips differed to that in healthy or dieback
stems. Bacterial community composition showed
diversity within both stem and stem tip samples
for healthy plants (Table 3), but this is greatly
reduced in dieback plants with communities be-
coming more homogenous throughout the plant
(and possibly more like that in healthy/dieback
roots; Fig. 4b). Although fungal community com-
position was affected by disease status in all three

Table 3 r-statistics from pairwise PERMANOVA comparisons
testing for differences in Parkinsonia aculeata endophyte OTU
composition in healthy compared to dieback-affected plant parts

Archaea Bacteria Fungi
Stem Tip 4.18* 2.22% 1.85%
Stem 1.26 2.44%* 1.70%*
Root 2.64* 1.75 1.90*

* significant (»p<0.01)
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OTU community data. Axis label percentages indicate amount of
variance explained. Shaded symbols indicate samples from
dieback-affected trees and open symbols from healthy trees

plant parts (Table 3), it was not strongly structured
(Fig. 4c). The effect of disease status on fungal
communities was most apparent in roots (along
CAP 1 axis in Fig. 4c) and stem tips (along
CAP 2 axes in Fig. 4c).

Indicator species analysis

The indicator species analysis (Table 4) supports the
patterns observed in the canonical analysis (Fig. 4).
There were 12 archaeal OTUs significantly associated
with specific plant parts within healthy plants, and a
further two associated with stem tips and roots
(Table 4). Most notably there were 18 archaeal OTUs
associated with roots of dieback plants, representing 8 %
of the archaeal community in dieback plants (Table 4).
There were only four bacterial OTUs associated with
healthy plants and one with dieback plants (Table 4),
although this also reflected low OTU diversity (Fig. 2).
OTUs associated with health status were proportionally
lowest for fungi, of which most were in stem tips
(Table 4).

Discussion

Dieback in plant populations is widely observed
globally but in most cases remains difficult to
explain, and its presence in invasive species is
counter to general expectations (Callaway and
Ridenour 2004). Our study is the first to show
significant difference in microbial community com-
position between healthy and dieback-affected
plants of an invasive species. Differences were
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Table 4 The number of indicator OTUs that were significantly associated with healthy or dieback-affected Parkinsonia aculeata, grouped

by plant part
Plant part(s) Archaea Bacteria Fungi

Healthy Dieback Healthy Dieback Healthy Dieback
Stem Tip (T) 7 (3.14 %) - 2 (10.53 %) - 2 (1.12 %) 3 (1.69 %)
Stem (S) 3 (1.35 %) - - - - 1 (0.56 %)
Root (R) 2 (0.90 %) 18 (8.07 %) - - 1(0.56 %) -
T+S - 1 (0.45 %) 2 (10.53 %) - - -
T+R 2 (0.90 %) 1 (0.45 %) - - - 2 (1.12 %)
S+R — 1 (0.45 %) - 1(5.27 %) 1(0.56 %) -
T+S+R — — — — - —
Total 14 (6.29 %) 21(9.42 %) 4 (21.06 %) 1(5.27 %) 3(2.24 %) 6 (3.37 %)

All OTUs are only represented once, and some are indicators for multiple plant parts (e.g., Stems and Roots: S+R). Brackets indicate the

percentage of OTUs which are significant indicators (p<0.01)

evident in all studied microbial groups (archaea,
bacteria and fungi), but were strongest for archaea,
which is also the least understood group of micro-
organisms. Community composition was structured
across plant parts, most strongly in archaea, which
also showed interaction with health status.
Differences in community structure was partially
explained by OTUs that were affiliated either with
healthy or dieback-affected plants. This provides
some support for our hypothesis that both patho-
genic and potentially protective endophytes are
involved in parkinsonia dieback. These results ex-
tend current thinking, that multiple organisms
within multiple taxonomic domains may be in-
volved in the onset of disease or disease suppres-
sion in plants (Coats and Rumpho 2014).

Most studies on microbial endophyte communities
and dieback investigate one specific microbial taxon,
typically fungi (Wilson and Pitkethley 1992; Diplock
et al. 2006; Kowalski and Holdenrieder 2009; Haque
et al. 2012; Ismail et al. 2012; Sacdalan et al. 2012),
although there are exceptions (Mendes et al. 2011;
Knief et al. 2012; Ma et al. 2013; Oliveira et al.
2013; Ruppel et al. 2013). Our study found a very
diverse microbial community (as assessed using
OTUs) whose structure differed with plant health
status. OTU diversity was high for archaea and
fungi, and low for bacteria. However, the lack of
resolution in the bacterial OTU data might be due to
the use of only one restriction enzyme, since one

bacterial OTU may represent more than one bacterial
species (Avaniss-Aghajani et al. 1996). At least for
fungi, high endophytic fungal biodiversity has previ-
ously been observed in plants, which can host hun-
dreds of fungal species or genotypes (Hawksworth
2001). High diversity of bacterial and archaeal endo-
phytes is also expected (Ma et al. 2013). Archaeal
and fungal OTUs were twice as numerous per sam-
ple in dieback-affected plants compared to those in
healthy plants. This may be due to the subsequent
colonisation of dieback-affected tissue by opportun-
ists or saprotrophs (Arnold 2007), although the indi-
cator species analysis did not show a consistent
pattern to support this. Alternatively, we suggest that
the observed OTUs may have to co-occur to trigger
dieback symptoms.

Microbial communities can differ by plant part
due to their role as endophytes (e.g., production of
alkaloids as herbivory inhibitors in above ground
parts; Alexopoulos et al. 1996), the way in which
these microorganisms are transmitted between hosts
(via wind dispersal to aerial tissues or animal dis-
persal to roots or flowers), or whether infection by
these microorganisms is systemic or local (Rudgers
and Orr 2009; Knief et al. 2012; Thongsandee et al.
2012). Expectations of within-plant structuring were
supported in our study irrespective of health status.
Changes in community composition with plant health
status differed according to plant part and endophyte
taxon. Structuring was strongest for archaea and not
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as obvious for fungi, a comparison which has not
been previously tested in the literature. Structuring of
fungal community composition across plant parts
may be the result of the function of fungal species
differing with plant part (Rudgers and Orr 2009).
However, since the majority of OTUs were not
restricted to specific plant parts, we suggest that
community structure across plant parts was driven
by the presence or absence of the indicator OTUs.
Most previous studies on dieback in parkinsonia
have taken fungal isolations from stems (Diplock
et al. 2006; Toh 2009). These and many other die-
back studies could therefore be biased by limiting
sampling to a particular plant part. Archaeal commu-
nities in stems were similar, regardless of plant dis-
ease status, but changed substantially in roots and
stem tips of dieback-affected trees, with community
structure in stem tips converging with that in stems.
The functional significance of this, if any, is yet to
be determined.

Endophytes in invasive plants can enhance their
competitiveness and invasiveness in non-native ranges
(Callaway et al. 2008; Mangla and Callaway 2008;
Rudgers and Orr 2009; Rout et al. 2013) and the pro-
tective role of fungi and bacteria have been observed in
other systems (Newcombe et al. 2009; Rout et al. 2013).
The apparent absence of dieback in parkinsonia from the
native range suggests that any potential dieback-causing
pathogen(s) would have been acquired in Australia,
contrary to the enemy-release hypothesis (Keane and
Crawley 2002), or that endophytes protecting
parkinsonia from pathogens in the native range are
absent in Australia, which aligns more with the
endophyte-enemy release hypothesis (Evans 2008).
The association in our study of archaea, bacteria and
fungi with both healthy and dieback-affected
parkinsonia provides support that both protective and
pathogenic endophytes could be involved in dieback in
Australia, potentially as new associations. Most no-
table was a diverse archaecal community associated
with dieback-affected roots. The OTUs associated
with dieback-affected plants may be opportunists that
take over the niche left by those endophytes which
have been displaced as a result of dieback-causing
organisms. Conversely, these OTUs may be patho-
gens in their own right and infected parkinsonia
upon introduction to Australia, causing dieback either
before or after the loss of OTUs unique to healthy
parkinsonia.

@ Springer

We found preliminary support for the presence
of potentially protective archaeal endophytes in
healthy stem tips. We also found evidence for
potential protective endophytes from the fungi
and bacteria, as expected (although it should be
noted that these OTUs might also represent endo-
phytes which are neutral and are displaced by
opportunists with the onset of dieback). Previous
experimental studies have shown that some fungal
endophyte species do limit damage to their hosts
by pathogens (Arnold et al. 2003) and some bac-
terial endophytes have a positive effect on disease-
affected hosts (Bacon and Hinton 2007). However,
the potential pathogenic and protective organisms
identified in our study need to be identified, and
whether they are causally related to dieback (or
confer protection) is yet to be ascertained. To
determine this, a sequencing-based approach is
required, followed by isolation and pathogenicity
trials. Since multiple taxa were identified as po-
tential causal agents of dieback or to confer pro-
tection, the next step might be to utilise innovative
inoculation strategies to test entire communities.
This could be done in a minimally-invasive inoc-
ulation trial by inoculating healthy plants using
ground-up material from different healthy or
dieback-affected plant parts. Furthermore, it is im-
portant to compare endophyte community compo-
sition of invasive Australian parkinsonia in this
study, to that of parkinsonia from native popula-
tions in meso-America. We also note that due to
the specificity of the primers selected for this
study, communities other than those characterised
might also contribute to dieback occurrence.

Historically, the focus in dieback studies has
been on potential fungal pathogens, but our results
have shown that a diverse community of archaea
are present in both healthy and dieback-affected
parkinsonia. Despite archaeal communities show-
ing the most significant difference between healthy
and dieback-affected parkinsonia, very few archae-
al species have been identified in the literature —
e.g., methanogens associated with human or ani-
mal health — and even fewer have been cultured
(Schleper et al. 2005). Without representative cul-
tures of these species, it is difficult to observe or
analyse their ecosystem function, physiology or
pathogenic potential (Killham and Prosser 2007).
Additionally, no known archaeal pathogen has
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been identified or shown to be the primary cause
of disease in any plant or animal (Cavicchioli
2011), so we can only make assumptions about
the significance of the results for archaea presented
in this study. At most we can conclude that ar-
chaea are more involved in dieback than previous-
ly thought, and should not be ignored in future
studies. From this perspective, the next step might
be to evaluate gene expression associated with
archaea in healthy and dieback-affected tissue in
order to infer ecological functions, and sequencing
to identify known species.

Conclusion

Our study demonstrated the value of taking a
community-level analysis approach to investigating
the complex phenomenon that is dieback, which
has allowed us to analyse the composition and struc-
ture of these communities. Using this approach, we
have shown that there are strong correlations be-
tween changes in endophytic archaeal and fungal
community structure, and the occurrence of dieback
in parkinsonia, and that the degree of structuring
also varies by plant part. Nevertheless, one difficulty
is that very little is known about one of these
domains: archaea, but we now know that archaea
should be considered an important part of the die-
back phenomenon. Despite this, a number of OTUs
have been implicated as potentially pathogenic or
protective endophytes. These results open new ave-
nues for research into understanding the dieback
phenomenon. For invasive species this may also lead
to novel management solutions.
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Appendix

Table 5 Parkinsonia aculeata field sampling sites and their loca-
tion information from field work in Charters Towers, Queensland
in March 2013

Property name  Disease status  Longitude (S) Latitude (E)
Eumara Springs  Healthy 19°45.257" 145°57.782'
Fletchervale Dieback 19°45.269' 145°57.690
Lolworth Creek  Healthy 19°49.419' 146°03.703’
Pandanusvale Dieback 19°49.484' 146°03.632'
Fletchervale Dieback 19°45.854' 145°58.516'
Anabranch Healthy 19°54.546' 146°15.233'
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