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A B S T R A C T   

New Zealand’s culturally iconic, ancient kauri (Agathis australis) forests are threatened with extinction as a result 
of dieback caused by an invasive and highly virulent soil-borne pathogen (Phytophthora agathidicida). Kauri trees 
function as a foundation species in their forests, supporting an ecologically distinct plant and soil environment. 
The impacts of disease outbreak and subsequent tree dieback on kauri forest ecosystems, in particular soil mi
crobial communities, remains unknown. Using high throughput amplicon sequencing and GeoChip 5 S micro
array analysis we analysed the differences in diversity, taxonomic composition and functional genes related to C 
and N cycling of soil microbial communities associated with asymptomatic and symptomatic mature kauri. Our 
results found significant differences in the fungal diversity and both fungal and bacterial community composition 
between asymptomatic and symptomatic kauri. Several microbial taxa known in the literature for their roles in 
disease suppression, such as Penicillium, Trichoderma, Enterobacteriacae and Pseudomonas, were identified as being 
significantly higher in asymptomatic kauri soils. These findings have provided a promising direction for the 
discovery of disease suppressive microbial taxa against kauri dieback. In addition, the composition and abun
dances of microbial genes related to C and N cycling also differed significantly. These findings highlight the 
potential long term impacts that dieback disease may have on the health and functioning of kauri forests.   

1. Introduction 

Globally, large-scale forest disease and dieback events are increasing 
at alarming rates as a result of biological invasions, climate change and 
anthropogenic disturbances (Cobb and Metz, 2017; Edburg et al., 2012; 
Steffen et al., 2015). The implications of this are dire, as these forests 
have critical roles in maintaining biodiversity, carbon (C) storage and 
climate regulation (Davidson and Janssens, 2006; Nolan et al., 2018; 
Hui et al., 2017). Soil-borne pathogens are known to affect soil microbial 
communities and their functional responses in highly managed mono
culture systems (Dignam et al. 2018, 2019), including the cycling of C 
and nitrogen (N). However, little is known about the impact of invasive 
soil pathogens on old growth, tree dominated forests. Kauri (Agathis 
australis) are one of New Zealand’s most ancient native tree species and 
are currently under threat from the spread of dieback disease, caused by 

the invasive soil-borne pathogen Phytophthora agathidicida (Waipara 
et al., 2009; Beever et al., 2009). 

Kauri are an iconic and culturally significant tree species for New 
Zealand, being regarded by the indigenous Māori as their living ances
tors (Black et al., 2018). Kauri function as foundation species in their 
namesake forests, significantly influencing surrounding plant species 
composition and supporting the most species rich forest type in New 
Zealand (Wyse et al., 2014; Ogden, 1995). In addition, kauri have a huge 
presence in their forests, reaching heights of up to 60 m, diameters of up 
to 5 m and ages of up to 2000 years (Steward and Beveridge, 2010). 
Kauri forests are incredibly carbon dense and over their long life his
tories their acidic, tannin rich leaf litter accumulates to form a mor 
humus layer up to 2 m deep (Wyse et al., 2014; Steward and Beveridge, 
2010; Macinnis-Ng and Schwendenmann et al., 2015). Prior to European 
arrival kauri had an extensive distribution covering over 1 million 
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hectares over New Zealand’s upper North Island. However, a history of 
uncontrolled logging for timber and land clearance means now only 
7500 ha of primary kauri forest currently remains (Steward and Bever
idge, 2010). Therefore, studying the wider secondary impacts of dieback 
on the kauri forest ecosystem is urgently required for us to effectively 
manage its spread and protect the remnant ancient kauri forests. 

In the face of pathogen invasion, soil microbial communities are 
readily able to modulate their activity and functional responses to pro
mote plant host health and provide pathogen defence (Raaijmakers and 
Mazzola, 2016; Desprez-Loustau et al., 2015). For soil-borne pathogens 
such as P. agathidicida, host infection begins at the root zone when 
motile zoospores encyst at the root surface and colonize the root via 
penetrative hyphae (Bellgard et al., 2016). Consequently, pathogens 
must interact with host’s associated soil microbial communities prior to 
and throughout the infection event. The diversity, abundance and 
functional roles of the indigenous soil microbiota will determine how 
they interact with invading pathogens. This interaction will be a key 
factor in determining whether the pathogen can successfully spread, 
establish, and elicit host infection (Kemen, 2014; Thakur et al., 2019). 
Studying the shifts in diversity and composition of the soil microbiota 
associated with host-pathogen infection events can aid the identification 
of taxa which respond to pathogen invasion and host disease expression. 
This can guide the discovery of host beneficial microbial taxa which 
suppress disease development (Penton et al. 2014). 

Our study aimed to characterise the differences in soil microbial 
diversity and taxonomic composition between dieback asymptomatic 
and symptomatic kauri trees. Our understanding of the soil microbial 
communities associated with kauri and their response to dieback rep
resents a large knowledge gap which requires more research. There are a 
limited number of studies published on the fungal and bacterial asso
ciations of kauri (Morrison and English, 1967; McKenzie et al., 2002; 
Padamsee et al., 2016; Byers et al., 2020). However, there are no pub
lished studies which have examined the response of the fungal and 
bacterial soil communities associated with kauri soils to dieback disease 
expression. 

P. agathidicida is a highly virulent pathogen of kauri, with all cases of 
infection resulting in tree mortality (Horner and Hough, 2014). Aside 
from initial tree mortality, cascading effects following loss of a foun
dation species can impact long term ecosystem functioning and 
biogeochemical cycling (Edburg et al., 2012; Avila et al., 2016; Peltzer 
et al., 2010; Lovett et al., 2010; Boyd et al., 2013). For example, large 
stores of C and immobilised N are a notable feature of kauri forest soils 
(Wyse et al., 2014; Macinnis-Ng and Schwendenmann, 2015) and 
changes to these soil properties following kauri dieback could greatly 
impact the long term C and N cycling dynamics of kauri forests. Soil 
microorganisms play key roles in biogeochemical cycling and ecosystem 
function, therefore it is important to quantify the impacts of tree dieback 
on their functional potential (He et al., 2007). Our study also aimed to 
investigate the secondary impacts of kauri dieback disease on soil mi
crobial function by studying the differences in functional genes related 
to C and N cycling between asymptomatic and symptomatic kauri trees. 

2. Methods 

2.1. Soil collection 

Field sites were located within Waipoua Forest situated on the west 
coast of Northland, New Zealand (35◦ 38′S, 173◦ 34′E). Waipoua Forest 
is a ~13,000 ha designated national conservation area and the largest 
intact fragment of old growth kauri forest remaining in New Zealand 
(Steward and Beveridge, 2010). Preliminary ground surveys were con
ducted across Waipoua Forest in kauri forest stands confirmed to be 
infected with P. agathidicida from the results of kauri dieback surveys 
(Tom Donovan, personal communications, March 21, 2018) and using 
local tribal knowledge of Te Roroa, the traditional owners of Waipoua 
Forest. This was conducted to confirm there were sufficient numbers of 

mature (over 200 years old) asymptomatic and symptomatic kauri trees 
in infected forest stands suitable for soil sampling. Four sampling sites 
were selected to gain an adequate number of symptomatic kauri trees of 
a similar size, age, canopy dominance and degree of disease expression. 
Within each site, asymptomatic and symptomatic trees selected for 
sampling were within a 200 m distance from one another (Fig. S1, 
supplementary materials). Soil samples were collected from 20 asymp
tomatic and 20 symptomatic mature kauri trees and trees were diag
nosed as being asymptomatic or symptomatic based on classic kauri 
dieback symptomology (Waipara et al., 2013). Sampling trees at the late 
stages of disease expression was required, so only trees expressing all the 
symptoms of lower trunk gummosis, root and wood rot, extensive leaf 
litter loss and leaf chlorosis were classified as symptomatic trees. 

For soil sampling, a 500 g composite soil sample formed of four 125 g 
subsamples, was taken from the cardinal points around the base of each 
tree (Waipara et al., 2013). Following the removal of the litter layer, the 
A horizon or top 10 cm of soil depending on the depth of the A horizon 
was targeted for sampling. Each soil sample was sieved and transported 
back to the lab at 4 ◦C in biohazard-labelled triple-contained packaging 
to meet with biosecurity requirements. Each soil sample was split into 
10 g subsamples stored at − 20 ◦C for DNA analysis, 200 g subsamples 
stored at 4 ◦C for pathogen detection assays and 200 g subsamples were 
retained for chemical analysis (see details below). 

2.2. Pathogen bioassays 

A soil baiting bioassay (Bellgard et al., 2013) and real time PCR 
(Than et al., 2013; McDougal et al., 2014) were used to confirm the 
presence and absence of P. agathidicida in each soil sample. Pathogen 
bioassays were undertaken to confirm that symptomatic soil samples 
tested positive for P. agathidicida and asymptomatic soil samples tested 
negative for P. agathidicida. A full description of these methods and re
sults are provided in the supplementary materials. 

2.3. Soil chemical analyses 

Soil samples were sent to Hills Laboratories (Christchurch, New 
Zealand) where they were air dried at 35 ◦C and sieved < 2 mm prior to 
determination of pH, total carbon (C), organic matter, total nitrogen (N), 
bioavailable N (aerobically mineralizable N), and bioavailable phos
phorus (P – Olsen P) using established methods (Nelson and Sommers, 
1996; Keeney and Bremner, 1966; Hinds and Lowe, 1980; Olsen, 1954). 

2.4. Soil DNA extraction and amplicon sequencing 

Methods for soil DNA extraction and amplicon sequencing followed 
those published previously (Byers et al., 2020). Soil DNA was extracted 
using a DNeasy Powersoil Kit (Qiagen, Germany) following manufac
turer’s instructions. Three 0.25 g DNA extractions were taken per soil 
sample and combined to provide a 300 μL DNA extract. DNA samples 
were quantified using a Quant-iT dsDNA Assay kit on a Qubit 4 Fluo
rometer (Invitrogen, Massachusetts USA). Sample purity was assessed 
using a Nanodrop Spectrophotometer to check for A260/A280 ratio of 
>1.8. 

Genomic DNA samples were sent to Novogene Co., Ltd (Hong Kong) 
for library preparation. For sequencing, the bacterial 16 S rRNA gene 
region was amplified using primers 341F/806 R to target the V3–V4 
gene region (Fadrosh et al., 2014). The fungal ITS gene region was 
amplified using primers ITS3/ITS4 to target the ITS2 gene region (Yang 
et al., 2018). Following quality control checks, successful libraries were 
sequenced on the Illumina HiSeq platform to generate 250bp paired end 
reads. Following sequencing, raw sequencing reads were assigned to 
samples based on unique barcodes attached during library preparation. 
Barcodes and primers were truncated and paired end reads merged using 
FLASH V1.2.7. These reads were quality filtered using QIIME V1.7.0 to 
obtain high quality reads and chimera sequences were removed using 
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UCHIME. 
The following steps were performed using Qiime 2 2019.4 (Bolyen 

et al., 2019). Sequencing reads were clustered into OTUs at 99% 
sequence similarity and a representative sequence from each OTU was 
identified taxonomically using reference databases ‘Green Genes 13.8’ 
for 16 S rRNA classification and ‘UNITE November 18, 2018’ for ITS 
classification. The resulting OTU cluster, with taxonomic assignment, 
was used to create OTU and taxonomic frequency tables representing the 
abundance of identified species in each sample. Frequency tables were 
filtered to remove non-bacterial or fungal taxa and low abundance taxa 
of less than 10 read counts. Fungal OTU frequency tables were rarefied 
to 27,500 counts per sample and bacterial OTU frequency tables were 
rarefied to 3000 counts per sample. Alpha diversity analyses were per
formed on rarefied OTU frequency tables using Qiime 2 ‘diversity’ 
plugin. The Phyloseq R package (McMurdie and Holmes, 2013) was used 
to analyse and visualise the OTU frequency and taxonomic datasets. Beta 
diversity analyses were performed and visualised using NMDS plots. 
Kruskal Wallis tests were used to identify taxonomic classes and orders 
which had significantly different relative abundances between asymp
tomatic and symptomatic kauri soils. DESeq2 was used to identify OTUs 
which were found to have significantly different abundances between 
asymptomatic and symptomatic kauri soil (Love et al., 2014). 

2.5. GeoChip 5s microarray analysis 

The GeoChip 5 S microarray was selected to explore the functional 
attributes of soil microbial communities (Shi et al., 2019). Large stores 
of carbon and immobilised nitrogen are two highly notable features of 
kauri forests which occur due to the high biomasses of kauri trees and 
the strong influences they exert on their surrounding soil environment 
(Ogden, 1995; Macinnis-Ng and Schwendenmann, 2015). Only genes 
related to carbon and nitrogen cycling were retained for further analysis 
to keep the GeoChip 5 S microarray analysis concise and focused on the 
objectives of this study. Five DNA samples extracted from asymptomatic 
kauri soils and five DNA samples extracted from symptomatic kauri soils 
were sent to the Institute for Environmental Genomics (University of 
Oklahoma, USA) where the microarray analysis was completed. For 
analysis of the functional gene data, alpha diversity calculations were 
performed using the Institute of Environmental Genomics ‘MicroAnal
ysis’ data analysis software. Alike with the amplicon sequencing dataset, 
beta diversity analyses were performed using the ‘Phyloseq’ R package 
and differential abundance testing of individual carbon and nitrogen 
cycling genes was completed using DESeq2 (Love et al., 2014). 

3. Results 

3.1. Symptomatic kauri soils have increased fungal diversity and altered 
community composition 

For fungal communities, the number of observed OTUs, Shannon 
diversity and Pielou’s evenness were significantly higher in symptom
atic kauri soil than asymptomatic kauri soil (Table 1). For bacterial 
communities, there were no significant differences in observed OTUs, 
Shannon diversity, Faith’s phylogenetic diversity or Pielou’s evenness 
between asymptomatic and symptomatic kauri soils (Table 1). 

There was a significant difference in fungal community composition 
between asymptomatic and symptomatic kauri soils (ANOSIM R = 0.46, 
p-value = 0.001), as illustrated in Fig. 1. There was also a significant 
difference in bacterial community composition (ANOSIM, R = 0.17, p- 
value = 0.004) between asymptomatic and symptomatic kauri soils 
(Fig. 1). However, the R test statistic score for fungal communities (0.46) 
was much higher than bacterial communities (0.17) suggesting that the 
differences in composition between asymptomatic and symptomatic 
kauri soils is stronger for fungal communities than bacterial commu
nities. Unweighted and weighted UniFrac distance matrices were also 
calculated for bacterial communities to measure for differences in 
phylogenetic beta diversity between asymptomatic and symptomatic 
soils. There was a significant difference in both unweighted UniFrac 
distances (ANOSIM R = 0.18, p-value = 0.006) and weighted UniFrac 
distances (ANOSIM R = 0.16, p-value = 0.004) between asymptomatic 
soils. 

3.1.1. No significant differences in soil chemical properties between 
asymptomatic and symptomatic kauri soils 

Mantel tests found no significant correlation (p > 0.05) between soil 
chemical properties and differences in fungal or bacterial community 
composition. Additionally, no significant differences (p > 0.05) were 
found for any of the soil chemical properties between asymptomatic and 
symptomatic kauri soils (Table S4, supplementary materials). 

Although not significant, values for total C, organic matter, total 
nitrogen, anaerobically mineralizable nitrogen (AM Nitrogen), pH and 
Olsen P were found higher in symptomatic kauri soils when compared to 
asymptomatic kauri soils (Table 2). Values for volume weight and C: N 
ration were found higher in asymptomatic soils when compared to 
symptomatic soils. 

3.2. Differences in taxonomic abundances of microbial communities 
between asymptomatic and symptomatic kauri soils 

3.2.1. Fungal communities 
Fungal communities in asymptomatic and symptomatic kauri soils 

were dominated by two phyla, the Basidiomycota and Ascomycota, 
which contributed to over 80% relative abundance. At class level 
(Fig. 2), the Tremellomycetes were a dominant group in asymptomatic 
kauri soil having a combined relative abundance of 40% which was 
found to be significantly higher than symptomatic soil (p < 0.001). In 
contrast, the Agaricomycetes were the most dominant group in symp
tomatic soil, having a relative abundance of 41%, and were found in 
significantly higher relative abundance when compared to asymptom
atic kauri soil (p < 0.001). 

A total of 39 fungal OTUs were found significantly higher in 
asymptomatic kauri soil than symptomatic kauri soil (Fig. 3). Fungal 
OTUs with the highest log 2 fold change values (Fig. 3), i.e. those with 
the greatest differential abundance in asymptomatic soils, were mem
bers of the Xyariales, Trichosporonaceae, Tricholomataceae, Penicillium, 
Trichoderma and Auricularia. In symptomatic kauri soil, 202 fungal OTUs 
were found significantly higher when compared to asymptomatic kauri 
soil (Fig. 3). Fungal OTUs with the greatest differential abundance in 
symptomatic soils included members belonging to the Hygrophoraceae, 
Chaetothyriales, Agaricaceae, Hydnodontaceae and Saccharomycetales. 

Table 1 
Fungal and bacterial alpha diversity values (mean average ± standard error) of symptomatic and asymptomatic kauri soil.  

Fungi Alpha diversity Asymptomatic Symptomatic Kruskal-Wallis test result 
Shannon diversity 5.38 ± 1.09 7.13 ± 0.97 H–value = 13.47, p-value <0.001 
Pielou’s evenness 0.49 ± 0.08 0.59 ± 0.07 H–value = 11.15, p-value <0.001 
Observed OTUs 2103.47 ± 559.41 3799.93 ± 698.13 H–value = 19.15, p-value <0.001 

Bacteria Shannon diversity 9.86 ± 0.46 9.89 ± 0.43 H–value = 0.00, p-value = 0.95 
Pielou’s evenness 0.79 ± 0.01 0.79 ± 0.01 H–value = 0.12, p-value = 0.72 
Observed OTUs 5567.53 ± 935.56 5675.60 ± 1275.65 H–value = 0.02, p-value = 0.88 
Faith’s diversity 55.52 ± 1.52 52.30 ± 1.29 H–value = 2.42, p-value = 0.12  
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3.2.2. Bacterial communities 
The phylum Proteobacteria and its class the Gammaproteobacteria 

were found in significantly higher relative abundance in asymptomatic 
kauri soils compared to symptomatic kauri soils (p < 0.05). In symp
tomatic kauri soils, the Acidobacteria (p < 0.001) and Actinobacteria 
(p < 0.05), Acidimicrobiia (p < 0.01) and Solibacteres (p < 0.05) were 
found in significantly higher relative abundance compared to asymp
tomatic soils (Fig. 4). Dominant bacteria common to both asymptomatic 
and symptomatic kauri soil included members of the orders Rhizobiales 
and Rhodospirialles such as Bradyrhizobiaceae, Rhodoplanes, Aceto
bacteraceae and Rhodospirillaceae. 

A total of 131 bacterial OTUs were found significantly higher in 
asymptomatic kauri soil compared to symptomatic kauri soil (Fig. 5). 

Fig. 1. MDS ordination plot showing differences in fungal (a) and bacterial (b) community composition between asymptomatic and symptomatic kauri soils. 
Community dissimilarity scores were calculated using Bray Curtis index. 

Table 2 
Soil chemical properties of symptomatic and asymptomatic kauri soil (mean 
average ± standard error).   

Symptomatic Asymptomatic 

pH 5.33 ± 0.08 5.23 ± 0.09 
Olsen P (mg/L) 6.50 ± 1.19 5.75 ± 0.48 
Volume weight (g/mg) 0.57 ± 0.04 0.63 ± 0.05 
AM Nitrogen (ug/g) 215.75 ± 8.59 207.25 ± 16.13 
Organic matter (%) 31.95 ± 3.18 25.70 ± 2.97 
Total C (%) 18.53 ± 1.84 14.90 ± 1.72 
Total N (%) 0.70 ± 0.08 0.54 ± 0.08 
C:N ratio 27.10 ± 1.56 27.78 ± 0.59  

Fig. 2. The relative abundance (mean ± standard error) values of fungal classes in asymptomatic and symptomatic kauri soil. Significant differences in the relative 
abundances of fungal classes between asymptomatic and symptomatic soils are denoted by *, where p < 0.05 is *, p < 0.01 is ** and p < 0.001 is ***. 
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Bacterial OTUs found with the greatest differential abundance in 
asymptomatic soils included many members of the Actinetobacter, 
Enterobacteriaceae, Leuconostocaceae and Pseudomonas. A total of 68 
bacterial OTUs were found significantly higher in symptomatic kauri 
soil when compared to asymptomatic kauri soil (Fig. 5). Bacterial OTUs 
found with the greatest differential abundance in symptomatic soils 
were members of the Koribaceraceae, Pedosphaerales, Solirubrobacter
ales and Syntrophobacteraceae. 

3.3. Changes in composition and abundance of microbial genes related to 
carbon and nitrogen cycling 

No significant differences were found in the number of detected 
probes, Shannon diversity or Pielou’s evenness between asymptomatic 
and symptomatic kauri soil (Table S6, supplementary materials). A 
significant difference was found in the composition of carbon cycling 
(ANOSIM R = 0.304, p-value = 0.019) and nitrogen cycling genes 
(ANOSIM R = 0.304, p-value = 0.025) between asymptomatic and 
symptomatic kauri soil when Bray Curtis dissimilarity scores were tested 
using ANOSIM (Fig. 6). 

In total, there were 17,223 carbon cycling gene probes and 5018 
nitrogen cycling gene probes detected by the microarray. DESeq2 
analysis found that 518 of these carbon and nitrogen cycling genes had 
significant differential abundances between asymptomatic and symp
tomatic kauri soils (p < 0.05). The majority of these gene probes were 
for carbon degradation (281 gene probes), with 182 carbon degradation 
gene probes being found significantly higher in symptomatic kauri soils 
and 99 being found higher in asymptomatic kauri soil. Of the 120 ni
trogen cycling gene probes significantly different between asymptom
atic and symptomatic soil, 47 gene probes were higher in asymptomatic 
soils and 73 gene probes were higher in symptomatic soils. Gene probes 
which had the highest differential abundance in asymptomatic kauri soil 
included those for pectin degradation (RgaE), chitin degradation (ace
tylglucosaminidase), tannin degradation (tannase_Cdeg), cellulose degra
dation (cellobiase), starch (amyA) and hemicellulose degradation (xyla). 
Gene probes with the highest differential abundance in symptomatic 
soils included those for the reductive tricarboxylic acid cycle 
(frdA_rTCA), ammonification (gdh), cellulose degradation (exogluca
nase), hemicellulose degradation (xylanase), lignin degradation (pheno
l_oxidase), agar degradation (beta_agarase) and dissimilatory N reduction 

Fig. 3. The fungal OTUs with a significantly different relative abundance between asymptomatic and symptomatic kauri soils. The ‘log2FoldChange’ values of each 
fungal OTU, represented by its assigned genus, are split along the x axis according to their Genera associated Order and Family. Positive ‘log2FoldChange’ values are 
OTUs found significantly higher in asymptomatic soil and negative values are those significantly higher in symptomatic soil. 
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(nrfa). Although there were many gene probes with significantly 
different abundances between asymptomatic and symptomatic soils, 
when looking at individual genes grouped according to their functional 
gene category (Fig. 7), there were few clear trends showing a clear split 
of gene categories between asymptomatic and symptomatic soils. 
However, as noted, there was a higher number of carbon degradation 
genes found significantly higher in symptomatic soils. 

4. Discussion 

4.1. Changes in microbial diversity in response to tree disease expression 

Our study found pronounced and significant differences in the di
versity, composition and functional properties of microbial communities 
between asymptomatic and symptomatic kauri soils. Fungal diversity of 
symptomatic kauri soils was significantly higher in comparison to 
asymptomatic kauri soils. This could be the result of a secondary colo
nisation processes, or secondary disease process, which has been 
described to follow tree death (Jung et al., 2018). This secondary 
colonisation of saprophytic fungi and secondary pathogens occurs due to 
the increased availability of dead plant tissues provided by the diseased 
host. Fungi vary in their ability to exploit resources and niches meaning 
colonisation of decayed resources can lead to a change in community 
composition (Jung et al., 2018; Boddy and Hiscox, 2017). Secondary 
colonisation of saprophytic fungi can further aid the disease process, by 
degrading host tissue and releasing Phytophthora’s resting structures 
growing within the host tissue (Jung et al., 2018). 

The differences in microbial community composition between 
asymptomatic and symptomatic kauri soils may reflect their differences 
in functional composition. Functional differentiation can explain dif
ferences in diversity patterns of soil microbial communities because 
different microbial taxonomic groups exhibit differences in their niche 
patterns and life history strategies (Schimel and Schaeffer, 2012). 
Changes to plant inputs can influence microbial community structure 
because microorganisms vary in their ability to decompose different 
types of plant material (van der Wal et al., 2013). We observed a clear 
shift between the Tremellomycetes dominated asymptomatic kauri soil 
and the Agaricomycetes dominated symptomatic kauri soil. A large 

proportion of the fungal OTUs significantly higher in symptomatic kauri 
soils belonged to the Agaricomycetes, a class of mushroom forming fungi 
which function as saprotrophs and wood decay fungi in forest ecosys
tems and form a critical role in organic matter decomposition (Rosa and 
Capelari, 2009; Hibbett et al., 2014). Given their increased dominance 
in symptomatic kauri soil, in line with the greater number carbon 
degradation genes found in significantly higher abundance in symp
tomatic kauri soil, they may be part of the response to the increased 
volume of necrotic root and wood tissue following disease expression. 

4.2. The microbial taxa of interest for their roles in soil disease 
suppression 

One aim of studying soils associated with asymptomatic kauri was to 
identify if they exhibited any properties of disease suppression mediated 
by their microbial communities. Our results identified several genera 
that predominated in asymptomatic kauri soils which have been studied 
elsewhere for their antagonistic activities against pathogens, such as 
Penicillium, Trichoderma and Pseudomonas (Garbeva et al., 2004). These 
may represent taxa associated with good kauri health and with potential 
roles in providing disease suppression against P. agathidicida. 

Penicillium is a cosmopolitan genus well adapted to the soil envi
ronment, making it a highly competitive fungus which is better able to 
suppress plant pathogens (Nicoletti and De Stefano, 2012). Numerous 
Penicillium species have reported antagonistic activities against a range 
of soil borne Phytophthora pathogens (Fang and Tsao, 1995; Ma et al., 
2008). Fang and Tsao (1995) demonstrated that Penicillium funiculosum 
was able to reduce the symptoms of Phytophthora root rot and promote 
plant growth in azalea and citrus plants following infection with 
P. cinnamomi, P. parasitica and P. citrophthora. Wakelin et al. (2006) used 
dual culture assay screenings to identify that Penicillium radicum was 
highly effective at inhibiting P. cinnamomi. When grown in dual culture 
with P. radicum, P. cinnamomi mycelial growth was inhibited by 72%. 
This was much higher than the inhibition values found for the three 
other plant pathogens tested which ranged from 13.01% to 54.54%. 
Another Penicillium species, P. striatisporum, has been identified as a 
promising biocontrol agent against several Phytophthora species, effec
tively inhibiting the growth of P. capsici, P. infestans, P. drechsleri, P. 

Fig. 4. The relative abundance (mean ± standard error) values of bacterial classes in asymptomatic and symptomatic kauri soil. Significant differences in the relative 
abundances of bacterial classes between asymptomatic and symptomatic soils are denoted by *, where p < 0.05 is *, p < 0.01 is ** and p < 0.001 is ***. 
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megasperma and P. nicotianae (Ma et al., 2008). In the same study, pot 
trials identified that soils amended P. striatisporum had significantly 
reduced incidences of root rot in chilli peppers following soil infestation 
with P. capsici. Although the exact mode of antagonism was not 
conclusively identified, the efficacy of P. striatisporum against Phytoph
thora was attributed to its production of antifungal metabolites. 

Trichoderma, which is perhaps the most well studied and widely 
applied biocontrol fungus (Schuster and Schmoll, 2010), was also found 
in significantly higher relative abundance in asymptomatic kauri soil. 
Previous studies have demonstrated Trichoderma to antagonise 
numerous different Phytophthora species. For example, T. harzianum was 
demonstrated to reduce disease incidence in pepper plants following 
infection with P. capsici by inducing the plant defence responses (Ahmed 
et al., 2000). Additionally, Bae et al. (2016) found that metabolites 
extracted from both T. atroviride/petersenii and T. virens strongly 
inhibited the mycelial growth of seven different Phytophthora species 
(P. melonis, P. cactorum, P. drechsleri, P. sojae, P. capsici, P. nicotianae and 
P. infestans). These findings then further identified that treatment of 
pepper leaves with the metabolites of T. atroviride/petersenii inhibited 
P. capsici growth via the induction of plant defence responses. Widmer 
(2014) isolated 16 different Trichoderma strains from soil and used dual 
culture assays to screen them against Phytopthora ramorum, the causal 

agent of sudden oak death. Findings identified two T. asperellum isolates 
which were able to mycoparasitise P. ramorum and were then used to 
successfully remediate P. ramorum infested potting mixes. 

Several members of the Gammaproteobacteria were found in 
significantly higher relative abundance in asymptomatic kauri soil; 
members of this bacterial class have previously been associated with 
disease suppressive soils (Mendes et al., 2011). Members of the genus 
Pseudomonas are often reported as plant growth promoting rhizobacteria 
(PGPR) and their disease suppressive properties have been extensively 
studied, especially with respect to oomycete plant pathogens (Haas and 
Défago, 2005). Several in vitro and in vivo studies have confirmed the 
antagonistic effects of Pseudomonas against Phytophthora pathogens, 
including P. capsici and P. infestans (Zohara et al., 2016; Caulier et al., 
2018). Strains of Pseudomonas fluorescens have been shown to produce 
biosurfactants, such as cyclic lipopeptides, which antagonise Phytoph
thora’s sporangia and zoospores whilst promoting induced systemic 
resistance in plants (Tran et al., 2007). Sang et al. (2018) identified two 
strains of Pseudomonas corrugata which were highly effective root col
onisers, thus could competitively exclude P. capsici root colonisation and 
reduce plant disease severity. 

Two other members of the Gammaproteobacteria, Enterobacteraceae 
and Actinetobacter were also found in significantly higher abundance in 

Fig. 5. The bacterial OTUs with a significantly different relative abundance between asymptomatic and symptomatic kauri soils. The ‘log2FoldChange’ values of 
each fungal OTU, represented by its assigned genus, are split along the x axis according to their Genera associated Order and Family. Positive ‘log2FoldChange’ values 
are OTUs found significantly higher in asymptomatic soil, negative values are those significantly higher in symptomatic soil. 
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asymptomatic kauri soil. In a previous study which aimed to discover 
potential biocontrol agents against blank shank disease of tobacco, Liu 
et al. (2020) isolated several bacterial strains, including strains of 
Enterobacter and Actinetobacter, which were suppressive against the 
pathogen Phytophthora nicotianae. A previous study has found E. cloaceae 
is able to suppress disease caused by the oomycete pathogen, Pythium 
ultimum, by competing for plant derived fatty acids required by 
P. ultimum for sporangia formation (van Dijk and Nelson, 2000). In 
addition, A. baumannii has been demonstrated to inhibit P. capsici 
growth through the production of anti-fungal metabolites (Xue et al., 
2009; Liu et al., 2007). 

These findings provide valuable guidance in the search for potential 
microbial antagonists against P. agathidicida. Further in vivo and in vitro 
studies are needed to assess the suppressive capabilities of these po
tential microbial control agents against kauri dieback disease. 

4.3. The functional responses of soil microbial communities 

4.3.1. Potential long term impacts on carbon and nitrogen cycling dynamics 
A series of secondary impacts have been observed to follow the 

widespread dieback of a large keystone tree species, including reduced 
carbon uptake, soil nutrient loss, increased plant biomass decomposition 
and reduced release of plant root exudates (Edburg et al., 2012). Long 
term these impacts can cascade to alter biogeochemical processes such 
as C and N cycling, plant species composition and plant productivity 
(Edburg et al., 2012; Schimel and Schaeffer, 2012). New Zealand’s kauri 
forests are incredibly carbon dense, with kauri trees themselves 
contributing to most of the forest’s carbon inputs (Macinnis-Ng and 
Schwendenmann, 2015). Forest dieback events often result in forests 
transitioning from net C sinks to C sources, due to increased C losses and 
reduced C uptake (Avila et al., 2016). Our study found significant dif
ferences in the composition carbon cycling genes of microbial commu
nities between asymptomatic and symptomatic kauri soils, including 
differences in the gene abundances of many genes related to carbon 
degradation. These differences may reflect a response of the soil mi
crobial communities to a change in litter quantity and quality following 
tree dieback. Although not significant, total C (%) and organic matter 
(%) was higher in symptomatic soils compared to asymptomatic which 
may suggest an increase in C turnover in symptomatic soils. During the 

degradation of organic matter, enzymes produced by soil microorgan
isms break down complex plant carbon polymers into more simple forms 
for cell uptake and metabolism (Adetunji et al., 2017). Depending on the 
carbon substrates available and the ability of microbial taxa to produce 
the appropriate enzyme, different taxonomic groups will specialise on 
particular substrates (i.e. sucrose, cellulose or lignin). Additionally, the 
products of enzymatic breakdown attract opportunistic microorganisms 
which further influence the composition and function of resident mi
crobial communities (Schimel and Schaeffer, 2012). As discussed, the 
secondary colonisation process, or secondary disease process occurs 
following tree dieback which leads to the increased abundance of 
saprophytic fungi which degrade the host’s necrotic plant and root tis
sues (Jung et al., 2018). During this colonisation process, saprophytic 
fungi will first metabolise more simple carbon forms provided by the 
decayed plant tissues before then utilising more recalcitrant carbon 
forms (Boddy and Hiscox, 2017). Symptomatic kauri soil had a greater 
number of carbon degradation genes that were found to have a signifi
cantly higher relative abundance than compared to asymptomatic soil. 
When considered alongside the shifts in fungal community composition 
and the increased % of total C in symptomatic soils, these findings may 
suggest an increase in carbon degradation rates in symptomatic soils. 

Kauri forest soils have large stores of immobilised nitrogen and low 
rates of nitrification, attributed to the low soil pH, slow litter decom
position rate and high tannin content of their leaf litter (Wyse et al., 
2014). Therefore, changes to nitrogen cycling dynamics following tree 
dieback could potentially produce large secondary effects on the sur
rounding soil and plant environment. Our study found significant dif
ferences in the composition of nitrogen cycling genes between 
asymptomatic and symptomatic kauri soil, as well as significant differ
ences in the abundances of individual genes related to nitrogen cycling. 
However, in regard to N cycling, there were no clear trends shown by the 
data to support any reasonable conclusions about what impact tree 
dieback disease expression has microbial gene function. A previous 
study has found that increased concentrations of P. agathidicida DNA in 
forest soil was correlated to decreased soil C and N concentrations 
(Schwendenmann and Michalzik, 2019). This goes against previous 
findings that soil N concentrations increase following tree dieback, in 
response to increased inputs of N-rich litter and reduced plant N uptake 
(Edburg et al., 2012; Xiong et al., 2011). 

Fig. 6. Principle coordinate analysis (PCoA) illustrating the differences in composition of carbon and nitrogen cycling genes between asymptomatic and symptomatic 
kauri soils. 
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4.4. Study limitations and considerations 

A kauri dieback study conducted in a regenerative kauri forest found 
a significant correlation between decreasing soil C and N concentrations 
with increasing P. agathidicida concentrations (Schwendenmann and 
Michalzik, 2019). In our study, the values for total C and N were higher 
in symptomatic soils, although none of these differences were found to 
be significant. The lack of consistency between the findings of these two 
studies could be attributed to differences in forest site, age and soil 
chemical testing methods. Additionally, the lack of observed differences 
in soil chemical properties in our study could also be due to the time 
period since disease expression was observed. Typically, symptoms for 
root and collar rot diseases progress more gradually than other forms of 
tree mortality such as drought and fire (Anderegg et al., 2013). Conse
quently, the associated short-term impacts are comparatively small 
compared to the long-term effects on the forest environment. Slower, 

selective tree mortality allows for co-occurring tree species to increase in 
abundance and coverage, thus limiting direct impacts such as reduced 
plant productivity. However over time, changes to forest species 
composition can lead to large alterations in C and N cycling dynamics 
across the forests (Lovett et al., 2010). Indeed, findings from our study 
have shown significant shifts in the composition of C and N cycling genes 
between asymptomatic and symptomatic kauri soils. Assessing the im
pacts of disturbance events on soil ecosystem health using biological 
indicators, such as changes to microbial composition and function, can 
serve as a more sensitive and dynamic method to detect short term 
impacts rather than measuring changes to soil physical and chemical 
properties (Adetunji et al., 2017). Over time, the changes to soil mi
crobial diversity and function coupled with changes to plant species 
composition post disease outbreak will cascade to see further changes to 
soil chemical properties such as pH, total C, total N and organic matter 
content (Edburg et al., 2012). 

Fig. 7. The carbon and nitrogen cycling genes with a significantly different gene counts between asymptomatic and symptomatic kauri soils. The ‘log2FoldChange’ 
values of each gene are represented along the x axis by their broader functional roles. Genes with positive ‘log2FoldChange’ values were found significantly higher in 
asymptomatic soil, negative values are those significantly higher in symptomatic soil. 
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5. Conclusion 

This study has found significant differences in the fungal diversity of 
microbial communities between asymptomatic and symptomatic soils, 
with fungal diversity being significantly higher in symptomatic soils. 
The composition of fungal and bacterial communities was found to be 
significantly different between asymptomatic and symptomatic soils. 
Results of taxonomic analyses identified several microbial taxa signifi
cantly higher in asymptomatic kauri soil, such as Penicillium, Tricho
derma, Enterobacteriacae, Actinetobacter and Pseudomonas, which are 
well studied in the literature for their roles in plant health and disease 
suppression. Such findings warrant further research which should aim to 
isolate and screen these microbial taxa against P. agathidicida to assess 
their capabilities as potential biocontrol agents. In addition, the plant 
beneficial roles that these microbial taxa may possess should be 
explored, so we can begin to identify microbial taxa that can support 
kauri health in the face of pathogen attack. 
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