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Abstract

Seeds are often treated with fungicides and antibiotics to eliminate pathogens during propagation. However, seeds harbour
complex microbial communities, including beneficial endophytes that could also be affected by seed treatments. Metrosi-
deros excelsa (Myrtaceae) is a New Zealand endemic tree widely planted within the country and overseas. Seedlings of
M. excelsa display wide variation in susceptibility to a fungal pathogen Austropuccinia psidii, which causes myrtle rust
disease suggesting that seed-borne microbial composition may play a role in seedling protection and growth. We inves-
tigated the effects of fungicides on the beneficial seed-borne bacterial isolates, the effects of antimicrobial treatment on
seedling development, the plant growth-promoting properties of the seed microbiome, and the ability of bacterial isolates
to suppress pathogenic fungi. Our results show that seed-borne bacteria Bacillus and Priestia suppressed seed-borne fungi,
both pathogenic and endophytic, with average inhibition rates of 74%, and several bacterial isolates reduced A. psidii
spore germination in vitro. In contrast, endophytic Methylobacterium and Mycolicibacterium facilitated fungal growth.
Fungicide applications are considered the most effective method to control myrtle rust disease; however, we found that
fungicides may adversely impact beneficial seed-borne bacteria. Antimicrobial seed treatment also suppressed the growth
of corresponding seedlings. Our experiments demonstrate that treated seeds can be further inoculated with beneficial
seed-borne endophytes, increasing seedling shoot biomass up to three times. Additionally, the bacterium Kocuria and the
fungus Penicillium significantly enhanced root development. These results suggest that employing seed-borne microbial
isolates with growth-promoting potential may improve outcomes in nursery conditions.

Keywords Biological control - Plant growth promotion - Pohutukawa - Seed inoculation - Tree endophytes

1 Introduction influence fungal assemblages by suppressing certain fungi

and facilitating the growth of other fungal taxa isolated

Seeds are occupied by diverse microbial communities
(Verma and White 2019; Frani¢ et al. 2020). Although host-
specific, seed-borne fungal communities may differ among
individual trees within a single population and these dif-
ferences are retained within seeds after dispersal (Fort et
al. 2021; Alvarado et al. 2024). Endophytic bacteria can
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from the same plant (Christian et al. 2021; Newcombe et al.
2023). These seed-borne microorganisms can be vertically
transmitted to seedlings and be founders of their endophytic
microbiome (White et al. 2019).

The bacteria and fungi accumulated in seeds can be ben-
eficial, contributing to protection against phytopathogens
and drought resistance, influencing dormancy, germination
rate, and seedling survival, or contributing to the invasive
potential of weedy species (Chee-Sanford et al. 2006; Gog-
gin et al. 2015; Nelson 2017; Jeong et al. 2021). Seeds can
also accumulate pathogenic microorganisms that cause ger-
mination failure, seedling mortality, or, in the case of verti-
cally transmitted latent pathogens, abnormal development
of seedlings, a lower growth rate following germination and
higher susceptibility to unfavourable environmental factors
(Lupo et al. 2001; Mangwende et al. 2020a; Fort et al. 2021).
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Treatments to suppress these pathogens can also interfere
with microorganisms providing beneficial outcomes.

As seeds may contain phytopathogens, in commercial
production settings they are treated with antibiotics and fun-
gicides to eliminate bacteria and fungi and in this way protect
germinating seedlings (Fulkerson and Tossell 1955; Man-
cini and Romanazzi 2014; Moumni et al. 2023). Although
repetitive treatment with synthetic chemicals is considered
to be the most effective method for management of seed-
borne pathogens, antimicrobial chemical compounds can
adversely impact seedling development, especially root
formation, which is crucial for the establishment of healthy
plants (Hillis et al. 2011; Minden et al. 2017; Bellino et al.
2018).

Research on the effects of antimicrobial treatments
on seed microbiomes is scarce, and only a few reports on
the influence of antibiotics on seed bacteria exist, e.g., in
Pachycereus pringlei (cardon cactus) (Puente et al. 2009).
In a recent study, Vasanthakumari et al. (2018) found that
the seed treatment with fungicides reduced the diversity
of the seed-borne endophytic fungi and suppressed the
development of rice seedlings, but inoculating treated seed-
lings with a fungal consortium recovered seedling growth.
Yadav et al. (2022) demonstrated that the systemic fungi-
cide propiconazole significantly decreased the population
of endophytic bacteria in tomato plants, making them more
susceptible to bacterial speck disease; however, the inocu-
lation of fungicide-resistant Bacillus subtilis together with
fungicide treatment induced systemic resistance to the dis-
ease. Similarly, seed coating with fungicides and spores of
selected fungicide-resistant fungi improved barley and oat
seedling survival and development (Murphy et al. 2016).
Such data on the sensitivity of seed-associated microbiomes
to widely applied agrochemicals is fundamental to under-
standing the deleterious effects on seedlings from the loss
of a functional seed microbiome. Sustainable plant disease
management may require a shift from synthetic chemical
compounds to practices maximising the benefits accruing
from the application of natural microbial communities that
enhance seedling success.

Our research explores the sensitivity of the seed-
borne microbiome of Metrosideros excelsa (Myrtaceae;
pohutukawa) to antibiotics and synthetic fungicides. Metro-
sideros excelsa is a New Zealand endemic tree naturally dis-
tributed on sea cliffs or volcanic rocks in the North Island of
New Zealand; it is extensively planted around the country
and overseas (Simpson 2005; Bylsma et al. 2014). Myrtle
rust disease caused by Austropuccinia psidii, a recently
arrived fungal pathogen, poses a threat to New Zealand
Myrtaceae, and trees planted in urban areas are especially
vulnerable to the infection, albeit with wide variation in
susceptibility (Sutherland et al. 2020; Toome-Heller et al.

@ Springer

2020). Experimental inoculations of M. excelsa with ure-
diniospores (asexual spores) of 4. psidii demonstrated that
seedling resistance is low, as only one plant was resistant
out of the 570 tested (Smith et al. 2020). However, New
Zealand sourced seeds for that study were treated with
antimicrobial solutions before being propagated in a green-
house in a potting mix with fertilisers (Smith et al. 2020).
This seed treatment may have eliminated the beneficial seed
microbiome, including taxa that enable natural protection
against phytopathogens (Irizarry and White 2017; Sharma
et al. 2022; Andreolli et al. 2023). There are limited data on
the effects of the seed microbiome of Myrtaceae on seedling
development or whether any microorganisms occupy plant
tissues after seed treatment with antimicrobial solutions,
and little is known about the impact of fungicides on ben-
eficial seed-borne bacteria, which may naturally suppress
fungal pathogens and enhance seedling development.

To address these research gaps, we explored the effects
of fungicides on the beneficial seed-borne bacterial isolates,
the effects of antimicrobial treatment on seedling devel-
opment, plant growth-promoting properties of the seed
microbiome, and the ability of bacterial isolates to suppress
pathogenic fungi. We examined (i) the in vitro interactions
between beneficial seed-borne bacteria and both beneficial
and phytopathogenic seed-borne fungi, (ii) the inhibition
effects of bacterial isolates on A. psidii spore germination,
(iii) the sensitivity of isolated bacteria to synthetic fungi-
cides that were effective against myrtle rust in trials, (iv)
the effects of antimicrobial treatment on seed germination
and development of M. excelsa seedlings, and (v) whether
it is possible to inoculate the beneficial seed-borne microor-
ganisms into treated seeds to reverse the adverse effects of
antimicrobial solutions.

2 Materials and methods

2.1 Plant material and selection of seed-borne
isolates for further experiments

To examine the role of antimicrobial compounds, we used
Metrosideros excelsa seeds aseptically extracted from
closed seed capsules to avoid environmental microbial con-
tamination. The seed capsules were collected in March—
April 2022 from 30 trees in the Auckland region, North
Island, New Zealand (Table S1). The isolation of bacteria
and fungi from M. excelsa seeds was carried out using the
protocol described in our previous study (Kholostiakov et
al. 2024). Briefly, closed seed capsules with ripe seeds were
surface sterilised (30 s in 70% ethanol, 2 min in 2% sodium
hypochlorite, and a double wash in sterile water for 2 min
each time); afterwards, seed capsules were dipped in ethanol
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and left in a laminar hood for one hour. Seeds from 30 seed
capsules of each tree were extracted with a sterile scalpel,
pooled together, and representative bulk samples from indi-
vidual trees were stored in separate containers at 4 °C.

Approximately 100 viable seeds from each bulk sample
were soaked in sterile water overnight in individual Petri
dishes and crushed with a pestle and mortar. A sterile leaf
infusion (20 g of fresh M. excelsa leaves autoclaved in 0.5 L
of sterile water) was added to the crushed seeds, which
were then placed onto Petri dishes containing five types of
media: PDA, R2A, YNA (Difco, Becton, Dickinson, and
Company), M9 (Sigma-Aldrich), and M9 with methanol,
respectively, and incubated for at least two months at an
approximate temperature of 18—20 °C. The employment of
various media and host leaf infusions allowed the isolation
of a more comprehensive taxonomic range of seed microor-
ganisms (Eevers et al. 2015; Sarhan et al. 2019).

Bacterial 16 S and fungal ITS gene regions of emergent
colonies were sequenced as described in (Kholostiakov et
al. 2024), and, based on the genetic identities of the isolates,
their biocontrol potential and growth-promoting activity
were catalogued using available literature. Fourteen bacte-
rial isolates were selected as putative beneficial endophytes,
with the literature describing growth-promoting properties
and antagonism towards phytopathogenic fungi (Table 1).
These bacteria were retained for dual culture assays with
fungi and seed inoculation experiments (Table 1). Bacte-
ria, reported as potential plant or human pathogens, were
excluded from the experiments, except Pantoea sp., whose
1350 bp DNA fragment of the 16 S rRNA indicated a
close similarity to Pantoea ananatis, but it was included in
experiments due to the reported high genetic and functional
variability of its strains in plant hosts, ranging from highly
pathogenic strains to enhancing plant growth and improving
stress tolerance (Sheibani-Tezerji et al. 2015; Weller-Stuart
etal. 2017; Lu et al. 2021).

2.2 Dual culture assay

The dual culture spot inoculation method was employed to
evaluate the interactions of isolated bacteria and fungi (Qi
et al. 2021). For this assay, 14 bacterial isolates with ben-
eficial properties and 12 fungal isolates, both beneficial and
pathogenic, were used (Table 1). To account for some taxa
growing faster on certain media, we employed Waksman
agar (WA, Difco, Becton, Dickinson, and Company) for the
assays with the four bacterial isolates (Kocuria sp., Paeni-
bacillus sp., Peribacillus sp., and Priestia sp.), and potato
dextrose agar (PDA, Difco, Becton, Dickinson, and Com-
pany) for the remaining isolates. The bacterial cultures were
streaked equidistantly on PDA and WA plates and allowed
to grow overnight, then the hyphal tips of fungal mycelium

were placed in the centre of each Petri dish (Fig. 1). As
Methylobacterium is a slow-growing genus, we followed
the methodology from a recent study (Christian et al. 2021)
and allowed the bacterial colonies to become established
on media for four days before fungi were introduced. All
inoculations were done in triplicate, and three plates with
the corresponding fungus without bacteria were used as a
control.

The plates were incubated at 24 °C, examined daily,
and measured when fungal colonies in control plates occu-
pied>80% of the surface. The diameter of the fungal myce-
lia on the test and control plates was measured to determine
the antagonistic effect. The inhibition was calculated as a
percentage of fungal colony diameter with bacteria rela-
tive to controls following the formula: % inhibition = (1 -
(Fungal colony diameter with bacteria / Control diameter)
x 100% (Montealegre et al. 2003; Newcombe et al. 2023).
Inhibition was recorded as a negative value, and when the
diameter of the fungal colony was larger in the presence of
bacteria, this was reflected as a positive value (del Barrio-
Duque et al. 2019; Newcombe et al. 2023). When the fungal
growth in dual culture was decreased or increased <10%
compared to the control, it was considered a neutral interac-
tion and recorded as 0 in a corresponding table of results.

2.3 Austropuccinia psidii urediniospore germination
assay

This bioassay was performed following the protocol
developed for spore germination assay at Plant and Food
Research, Lincoln (Chng, pers. com.). Bacterial strains used
in this experiment are listed in the Table 1. A fresh bacte-
rial colony was inoculated in 2.5 mL of Luria Bertani broth
(Difco, Becton, Dickinson, and Company) and incubated at
24 °C overnight with shaking (300 rpm, Eppendorf Thermo-
Mixer® C). The following day, 1 mL of grown culture was
centrifuged at 15,000 g for 5 min. To determine bacterial
cell density, the pellet was re-suspended in 1 mL of 0.5%
MO salts (Sigma Aldrich) and optical density at 600 nm was
measured. Bacterial suspensions were diluted in 0.5% M9
salts at a final OD 40, = 0.1.

Water-agar slides were prepared by adding 2 mL of
a sterile solution of 2% water agar on top of plain glass
microscope slides in a horizontal position to form a thin
agar layer. After solidifying, water-agar slides were placed
into 100 x 100 mm square Petri dishes, three per plate, and
covered. Slides were kept at 4 °C under humid and sterile
conditions until the experiment.

For rust inoculation, freshly collected urediniospores of
A. psidii were suspended in light mineral oil for cell cul-
ture (M8410, Sigma Aldrich) just prior to inoculation onto
the glass slides (Yong et al. 2018). Petri dishes containing
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Table 1 Isolates used for dual culture and urediniospore germination assays. Bacterial isolates employed for seed inoculation experiment are high-
lighted in bold. Abbreviations OTH3, US5, etc., after organism name reflect a source tree of the isolate (Table S1). Sequence identity reflects the
percentage of the alignment of 1340—1360 bp fragment of 16 S rRNA gene sequence for bacteria and, for fungi, a 580-590 bp sequence of ITS1-
ITS2 region of 5.8 S rRNA gene against sequences provided by NCBI. All isolates were deposited in international collection of microorganisms

from plants (ICMP) and can be requested for use

Organism The closest taxon (Gen- Sequence GenBank  ICMP Putative functions in Reference
Bank accession number) identity ~ accession  number plant hosts, based on
(%) number literature records
Bacteria
Bacillus mycoi- B. mycoides 100 OR472920 24867 Systemic pathogen resis- Bargabus et al. 2002; Singh et
des TD3 (MN519467) tance, nitrogen fixation  al. 2020; Kurniawan and Chuang
2022
Bacillus sp. B. amyloliquefaciens 100 OR472917 25417 Nutrient acquisition, Wang et al. 2020; Luo et al. 2022
OTH3 (CP054415) plant growth-promoting,
pathogen resistance
Bacillus sp. U5 B. velezensis 98.89 OR472918 25418
(MH177236)
Bacillus sp. B. stercoris (PP257415); 99.75 OR472921 25419 Growth-promotion, salt ~ War Nongkhla and Joshi 2014;
w2 B. subtilis (ON778661) and heat stress reduction  Xu et al. 2014; Yousuf et al.
2017; Bokhari et al. 2019;
Hashem et al. 2019; Wang et al.
2021
Bacillus sp. B. amyloliquefaciens 99.86 PP694398 25420 Growth-promotion, Bhattacharya et al. 2019
OTHS5 (PP572911); B. tequi- pathogen resistance
lensis (PP563728)
Kocuria sp. K. palustris 100 PP694319 24,865 Growth-promotion, Zacaria Vital et al. 2019; Wang
TD1 (MT534060) nutrient acquisition, et al. 2020; Afridi et al. 2021
salt-tolerance
Methylobacte-  Methylobacterium sp. 100 PP716426 24861 Pathogen resistance, Ardanov et al. 2012; Madhaiyan
rium sp. U4 (MT360236) growth-promotion, nutri- et al. 2015; del Barrio-Duque
ent acquisition, facilita-  Alejandro et al. 2020; Senthilku-
tion of beneficial fungal — mar et al. 2021
endophyte
Methylobacte- M. phyllostachyos 99.86 PP716427 24863
rium sp. Tw3  (NR 108242)
Mpycolicibacte- M. hippocampi 99.7 OR472927 24860 Pathogen resistance, del Barrio-Duque et al. 2019
rium sp. US (MWO012620) facilitation of beneficial
endophyte
Paenibacillus  Paenibacillus sp. (KF 99.78 PP694321 25421 Growth-promotion, Rybakova et al. 2016; del
sp. Tw2 465973) pathogen antagonism, Barrio-Duque et al. 2019; Liu et
nutrient acquisition al. 2019
201620192019
Pantoea sp. P. ananatis 100 PP702021 24857 Depending on species, Sheibani-Tezerji et al. 2015;
TD1 (MG574389) saprophytes, pathogens, ~ Weller-Stuart et al. 2017; Lu et
or beneficial endophytes al. 2021; Bragard et al. 2023
Pantoea sp. P, allii (OM471718) 100 OR472915 25102
OTH1
Peribacillus sp. P. frigoritolerans 99.93 PP694317 24859 Growth-promotion, Meena et al. 2017; Wang et al.
TDI1 (PP623087) nutrient acquisition, 2020; Egamberdieva et al. 2021,
salt-tolerance Lietal. 2021
Priestia sp. U3 P. megaterium 99.93 PP694320 24858 Growth-promotion, nutri- Park et al. 2017; Deng et al.
(PP528572); P. aryab- ent acquisition, systemic  2022; Shahid et al. 2022
hattai (PP470985) pathogen resistance
Fungi
Alternaria sp.  A. tenuissima 100 PP702004 25386 Pathogen or endophyte  Crous et al. 2019; DeMers 2022;
Twl (0Q507771); A. alter- Elghaffar et al. 2022
nata (PP065528)
Aureobasidium  Aureobasidium sp. 99.81 PP702007 24847 Broad spectrum biocon- ~ Wachowska et al. 2016; Di Fran-
sp. W2 (OK376894) trol agent, used in seed  cesco et al. 2020;

coating
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Table 1 (continued)

Organism The closest taxon (Gen- Sequence GenBank ICMP Putative functions in Reference
Bank accession number) identity ~ accession = number plant hosts, based on
(%) number literature records
Cladosporium  C. sp. (PP151182); 99.82 PP702008 25393 Endophytes, some Kohl et al. 2015; Qin et al. 2016;
sp. W3 C. cladosporioides species can be rust Torres et al. 2017; da Silva et
(PP097797) mycoparasites al. 2023
Cladosporium  C. halotolerans 100 PP702009 25392
sp. W5 (MN859971)
Cladosporium  C. delicatulum 100 PP702010 25394
sp. U3 (MT548673); C. peran-
gustum (MT466522)
Colletotrichum  C. schimae (MZ595887) 100 PP702000 25387 Endophyte or pathogen  Peres et al. 2005; Mangwende et
aff. fioriniae al. 2020b; Martin and Peter 2021
TD2
Cytospora sp.  C. pruinosa 99.32 PP702002 25388 Tree pathogens Lupo et al. 2001; Adams et al.
OTH4 (EUS52121) 2005; Crous et al. 2019; Pan et
al. 2020
Cytospora sp.  C. sp. (OR499136) 100 PP702003 24850
W5
Neofusicoccum N. luteum (MH183385) 100 PP701999 24852 Pathogen Sergeeva et al. 2009; Shetty et al.
aff. luteum W1 2011; Hanin and Fitriasari 2019;
Mangwende et al. 2020a; Liu et
al. 2022; Wagqas et al. 2022
Neopestaloti-  N. clavispora 99.82 PP702005 25390 Endophyte or pathogen =~ Maharachchikumbura et al.
opsis sp. Tw3  (MNS519192); N. rosae 2014; Reddy et al. 2016; Prasan-
(PP430826) nath et al. 2021
Penicillium sp. P, coffeae (MT309664); 100 PP702001 25389 Saprophyte or endophyte, Yamaji et al. 2001; Doilom et al.
Sh3 P. olsonii (MG252481) enhance nutrient acquisi- 2020; Molina-Montenegro et al.
tion and stress tolerance  2020; Ismail et al. 2021
Pestalotiopsis  Pestalotiopsis sp. 99.84 PP702006 25391 Depending on species, Maharachchikumbura et al.
sp. U5 (KP689121) pathogens or endophytic  2014; Gonzalez and Estefania

antagonists of pathogens

2020

Fig. 1 Dual culture interaction assay. (A) Plate on the second day
after inoculation, arrows show position of B— bacteria and F— fungus,
respectively. (B) Fungal growth is not inhibited by Methylobacterium
sp. (C) Pantoea sp. demonstrates strong antagonistic activity towards

Aureobasidium sp. (D) Bacillus sp. suppressed growth of Penicillium

sp., arrow at the gap between bacterial and fungal colony. (E) inhibi-
tion of Alternaria sp. by Bacillus sp. and Alternaria sp. control (F).
(G) Colletotrichum aff. fioriniae control, and Methylobacterium sp.
facilitates the growth of C. aff. fioriniae (H). Scale bar =1 cm
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water-agar slides were opened, and spores were spread onto
slides using a sterilised paintbrush. Inoculated slides were
left drying, uncovered for 60 min in a laminar flow until the
spores settled into agar.

To analyse the effect of bacterial cells, 20 mL of bacterial
suspension was inoculated at three separate points on each
slide with A. psidii spores from a Petri dish (three slides),
which resulted in nine dots of bacterial cells per sample.
Plates were covered and incubated at 20 °C under dark and
humid conditions for 24 h. As a positive control, three slides
with spores were inoculated with 20 mL of 0.5% M9 salts,
and another three slides sprayed with a fungicide, Plant
Health Fungus Control (Kiwicare, New Zealand) as a nega-
tive control. After the incubation, slides were exposed to
UV for 30 min to kill viable spores, then one field per dot
was counted under 200x magnification, and the germination
rate was determined as follows: GR = rust spores germi-
nated/total number of spores % 100 (Fig. 2).

Fig. 2 Urediniospore germina-
tion on water agar (above) and

in the presence of Bacillus sp.

US (below); white arrows: U—
urediniospores, and B— bacterial
colony. While most of uredinio-
spores produced long germina-
tion tubes on water agar, they
could not germinate with Bacillus
sp. US. Scale=100 pm
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2.4 Fungicide sensitivity of bacteria

This test was carried out on the same bacterial isolates used
in 2.3, employing a modified method recently developed for
endophytic bacteria (Andreolli et al. 2023). We used two
synthetic formulations: Fungus Gun (FG, Yates, Austra-
lia) containing 0.05 g/litre myclobutanil, and Plant Health
Fungus Control (PHFC, Kiwicare, New Zealand) contain-
ing boscalid 0.25 g/L, pyraclostrobin 0.13 g/L, and tebu-
conazole 0.43 g/L. Myclobutanil and pyraclostrobin were
tested against myrtle rust by Beresford and Wright (2022)
and gave excellent results in myrtle rust control trials. The
compounds tested in our study target different molecular
activities in fungi: boscalid and pyraclostrobin inhibit fungal
respiration by blocking the ubiquinone-binding sites in the
mitochondrial complex II and cytochrome b, respectively,
whereas myclobutanil and tebuconazole disrupt ergosterol
of fungal cell walls (Karadimos et al. 2005; Avenot and
Michailides 2010; Wang et al. 2024).

To test the sensitivity of bacterial isolates, the fungicides
were sprayed on PDA and WA media, and Petri dishes were
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allowed to dry in the laminar hood for around 30 min to
evaporate excessive moisture. Then, bacteria were streaked
on plates with and without fungicides. Assays were con-
ducted in triplicates. Petri dishes were incubated in the dark
at 24 °C for six days, and the inhibition of bacterial growth
was recorded when the colony diameter was reduced by
more than 50% with respect to control after six days of
incubation.

2.5 Trial on the influence of antimicrobial solutions
on seed germination and culturable endophytic
microbiome of seedlings

To evaluate the seed germination rate after extended stor-
age, the seed and seedling sensitivity to antimicrobial solu-
tions, and the presence of a microbiome in seedlings after
treatment, an initial trial was carried out on seeds collected
from three individual trees located in well separated popula-
tions (Trees 1-3, Table S1), that had been stored in sterile
containers at 4 °C for more than one year. Seeds from each
tree were soaked for three days in antibiotic antimycotic
solution (62.5 pg/mL penicillin, 100 pg/mL streptomycin,
and 0.25 pg/mL amphotericin B in citrate buffer) (Sigma
Aldrich, USA) recently used for the in-vitro propagation
of another New Zealand native Myrtaceae species (van der
Walt et al. 2023). Control seed groups were soaked in sterile
water (Fig. 3). The germinating seeds were sprayed with the
fungicide PHFC to remove any residual endophytes.
Approximately 10—18% of M. excels seeds are fertile;
the mean weight of the fertile seed is 0.15 mg and 0.1 mg
for infertile (Schmidt Adam et al. 1999, 2002). Therefore,
we roughly estimated number of viable seeds by weight and
soaked 120 mg of seeds from each tree separately in eight
Petri dishes, four control and four with antimicrobial solu-
tion. Then seeds from two control dishes and two treated
were placed on water agar (Difco, Becton, Dickinson, and

Fig. 3 Metrosideros excelsa seeds. Growing embryos (arrows) are vis-
ible in filled seeds after three days in water; up to 90% of seeds do not
contain embryos. Scale bar =1000 pm

Company), and seeds groups from another four dishes (two
control and two treatment) were sown in sterile 473 mL
containers for plant tissue culture (PhytoTech Labs, USA).
The containers were half-filled with potting mix (fine-grade
pumice/coir peat/topsoil in ratio 50/40/10 by volume) that
had autoclaved once as a bulk soil mix and then three times
within the containers for three consecutive days to ensure
sterility. To check sterilisation efficiency, the potting mix
was plated on PDA and yeast nutrient agar (YNA, Difco,
Becton, Dickinson, and Company) and observed for two
weeks.

Containers and Petri dishes with seeds were placed in a
growth chamber under 12 h daylight and 12 h dark under full
spectrum LED horticultural light (Growshop, New Zealand)
and day/night temperatures 25-26 °C/19-21 °C. Emer-
gent seedlings were counted, and their development was
observed under a microscope every day for one week. One
month after germination, ten random seedlings from each
group were removed, sterilised by immersion in 70% etha-
nol for 30 s, then transferred to 2% sodium hypochlorite for
2 min, followed by a double wash in sterile water for 2 min
each time, and plated on PDA and YNA. Roots and shoots
were plated separately to assess any difference in the cul-
turable microbiome within these organs. Emergent colonies
were sequenced as described in (Kholostiakov et al. 2024).
The sequences of the isolates are available in the GenBank
NCBI under accession numbers PP694316, PP694392—
PP694397, OR499151-OR499152, PP708936—PP708938.

2.6 Seed inoculation experiment

To assess the influence of the culturable seed microbiome
on the growth of M. excelsa seedlings, nine bacterial iso-
lates were chosen for seed inoculation (Table 1). Isolates
were selected based on the results of pilot experiments
and literature records on the beneficial properties of endo-
phytes (Table 1). Penicillium sp. W5 isolated from Tree 3
seeds during the seed germination trial (Sect. 2.5) was also
employed in the seed inoculation experiment.

Seeds collected from Tree 1 (Table S1) were soaked for
six days in the antibiotic antimycotic solution in 12 small
Petri dishes, 30 mg of seeds in each, corresponding to 12
treatment applications: nine seed groups were inoculated
with single bacterial isolate (Table 1), one seed group was
inoculated with consortium of all nine bacterial isolates, one
- with Penicillium sp. W5 isolated from seedlings during the
germination trial (2.5), and one seed group was a treated
control without subsequent inoculation.

After the treatment with the antibiotic antimycotic
solution, seeds were immersed in fungicide PHFC for
6 h, washed twice in sterile water, left in plates for 48 h,
then placed in the microbial inoculum overnight. For the
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inoculum, isolates of Bacillus and Methylobacterium were
added to 2.5 mL of Potato Dextrose Broth (Difco, Bec-
ton, Dickinson, and Company) and all other isolates were
placed in Nutrient Broth (Difco, Becton, Dickinson, and
Company). The microbes were incubated at 25 °C for 24 h
with shaking (300 rpm, Eppendorf ThermoMixer® C), cen-
trifuged at 4000 x g for 10 min, then resuspended in ster-
ile water to the concentration 10°~105 CFU/ml, and 2 ml of
these cell suspensions were added to germinating seeds in
Petri dishes. One group of seeds was immersed in a bac-
terial consortium created by mixing cell suspensions of all
nine bacterial isolates in equal volumes. Spores of Penicil-
lium sp. W5 were washed from fresh cultures on PDA and
spore suspension was adjusted to 1 x10° cells/ml. The next
day after inoculation in Petri dishes, seeds were planted on
the sterilised substrate in containers (prepared as described
in Sect. 2.5), at least ten seeds per container. At this stage,
germinating seeds had already begun photosynthesis, mak-
ing possible to separate green viable seeds from non-viable
ones. In parallel with treatment and inoculation procedures,
30 mg of untreated seeds from the same Tree 1 were germi-
nated in autoclaved water and sown in sterilised containers
as a positive control. All operations with seeds and emerg-
ing seedlings were conducted in a laminar hood. Inocula-
tions and control were performed in triplicates.

Containers were sealed for three months and placed in
a growth chamber (light and temperature conditions as in
2.5); containers were randomly rotated around the cham-
ber weekly to ensure that light variation due to edge effects
did not influence seedling development. Seedlings were
counted after two weeks; if there were more than 12 seed-
lings, the extra seedlings were randomly removed, and con-
tainers were sealed until the end of the experiment. After
three months, containers were opened, and seedlings were
washed in water. Seedling growth parameters were mea-
sured as follows: root length (mm); shoot height (mm);
number of shoot branches; number of leaf pairs; fresh
weight of shoots; and root branching (1— only one primary
root with small branches, 2— two or three main roots, 3—
more than three main roots with extensive branching). Root
weight was not measured because M. excelsa seedlings have
fine roots, which were covered with particles of potting mix
that were impossible to remove without damaging the roots.

2.7 Recovery of inoculated taxa through a culture-
based approach

Roots and shoots of five random seedlings from each con-
tainer were cut and sterilised separately from each other
in 70% ethanol for two minutes, 2% sodium hypochlorite
solution for two minutes, and a double wash in sterile water
for two minutes each time. Then 3—4 mm long pieces of
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shoots and roots were placed on PDA, R2A, and M9 agar
with 0.5% methanol and observed daily for one month.
The sequences of the isolates are available in the GenBank
NCBI under accession numbers OR472927, PP702015—
PP702030. The pure cultures of the isolates were deposited
in ICMP, Manaaki Whenua— Landcare Research, Auckland,
New Zealand, under numbers ICMP 25398-25416.

2.8 Statistical analysis

The difference in seed germination of the treated and control
groups was assessed by Welch’s t-test. Austropuccinia psi-
dii urediniospore germination rates were compared between
the control and treatment groups using a one-way ANOVA
and followed by Dunnett’s post hoc test. For the inoculation
experiment, comparisons of shoot fresh weight between the
control and treatment groups were performed using a one-
way ANOVA, followed by Tukey’s multiple comparisons
test. Other plant growth parameters after the inoculation
experiment (root length, root branching, shoot height, shoot
branching, and number of leaf pairs) were analysed by a
two-way ANOVA to evaluate variation between seedlings
from individual containers of each triplicate and determine
the significance of treatment effects, followed by Tukey’s
multiple comparisons test. A significance level of P<0.05
was considered statistically significant for all tests. Analy-
ses were performed in GraphPad Prism 10.2.2 (GraphPad
Software, Boston, Massachusetts, USA).

3 Results

3.1 Selection of seed-borne isolates for further
experiments

According to sequencing results from pure cultures, the
microorganisms isolated from M. excelsa seeds belonged
to 16 species of bacteria and 22 fungal species (Table S2).
After the literature review, 12 species of seed-borne bacteria
were identified as beneficial endophytes with documented
activity against phytopathogens and/or growth-promoting
properties (Table 1). Phytopathogenic bacteria were repre-
sented by Robbsia aff. andropogonis. An isolate of Pantoea
sp. closely related to P. ananatis was considered potentially
pathogenic or beneficial, depending on the strain; therefore,
it was included in further experiments to evaluate properties
in vitro and planta (Table 1). Nine species of isolated fungi
are known as biocontrol agents, while Colletotrichum aff.
fioriniae, Cytospora sp., and Neofusicoccum sp. are phyto-
pathogens of various trees, including Myrtaceae (Table 1).
The rest of the isolated fungi included endophytes without
any known functions. Based on the literature records, 14
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bacterial strains beneficial for plant hosts were selected for
dual culture assays against nine taxa of potentially benefi-
cial endophytic fungi and three species of fungal pathogens
(Table 1).

3.2 Dual culture assay

The dual culture spot inoculation method confirmed that
the interactions of the seed-borne bacteria and fungi were
primarily antagonistic; however, some bacteria and fungi
did not suppress the growth of each other, and three bac-
terial isolates facilitated fungal growth (Table 2). Bacteria
from the phylum Bacillota (Bacillus, Peribacillus, Priestia)
demonstrated strong antagonism towards almost all fungal
isolates, including putative plant pathogens such as Alter-
naria sp., Colletotrichum aff. fioriniae, Cytospora spp., and
Neofusicoccum sp. (Table 2). Neofusicoccum aff. luteum
was the fastest-growing species whose mycelial growth was
reduced by only three bacterial isolates: Bacillus sp. OTH3,
Bacillus sp. W2, and Pantoea sp. TD1.

Paenibacillus sp. Tw2 was the only species from Bacil-
lota that was neutral to most of the fungal isolates. In the
majority of dual culture assays with Methylobacterium and
Mpycolicibacterium, these bacteria established on media
and were not covered in mycelium when the fungal colony
reached the edge of the Petri dish, but bacteria were growing
without visible antagonism towards the fungus (Fig. 1.A).

3.3 Austropuccinia psidii urediniospore germination
assay

Several seed-borne bacteria that inhibited pathogenic fungi
in dual culture assays were also able to suppress the spore
germination of A. psidii. A bioassay on the effects of live
bacterial cultures on A. psidii urediniospores showed a sig-
nificant variation between the abilities of the seed-borne
bacteria to suppress urediniospore germination (ANOVA,
P<0.0001; Table S3).

Bacillus sp. U5 was the most effective antagonist of
the myrtle rust pathogen in vitro, reducing spore germina-
tion from 69.9 to 12.8% (Fig. 2; Table 3). Other members
of phylum Bacillota (Bacillus, Peribacillus, and Priestia)
demonstrated various levels of myrtle rust inhibition, except
Paenibacillus sp., which did not affect the germination of
urediniospores.

3.4 Fungicide sensitivity of bacteria

Following the assays of their antifungal activity, the same
fourteen seed-borne bacterial isolates were tested against
two widely available fungicides that were effective against
myrtle rust in trials in New Zealand (Beresford and Wright
2022). Eight out of nine bacteria that suppressed A. psidii
urediniospore germination in vitro were also sensitive to
PHFC fungicide (Table 3). In contrast, only two of the 4.
psidii-antagonistic bacterial isolates, Bacillus sp. OTH3, and
Priestia sp. U3, were sensitive to FG fungicide (Table 4).

Table 2 Interactions of bacteria and fungi in dual culture assay. Each cell represents a percentage of inhibition (negative values) or facilitation
(positive values ) of fungal growth in comparison to control. When the fungal growth was decreased or increased up to 10% with respect to the

control, it was considered a neutral interaction and recorded as 0

Alter- Aureo-  Clado- Clado- Clado- Colletotri- Cytos- Cytos- Neofusicoc- Neopesta- Penicil- Pesta-
naria  basi- spo- spo- spo- chum aff.  pora  pora  cum aff. lotiopsis ~ lium sp. lotiop-
sp. dium sp. rium rium rium  fioriniae sp. sp. luteum W1 sp. Tw3 Sh3 Sis sp.
Twl W2 sp. W3 sp. W5 sp. U3  TD2 OTH4 W5 Us
Bacillus sp. OTH3 ~ -71 -71 -60 -58 -62 -78 -80 -95 -75 -60 -81 -58
Bacillus sp. U5 -69 -63 -52 -67 -62 -67 -60 -68 0 -66 -74 -50
Bacillus mycoides -43 -34 -47 -31 -40 -54 -82 -68 0 -44 -10 -50
TD3
Bacillus sp. W2 -71 -76 =72 -75 -69 -78 -93 -87 -87 -81 -67 -75
Bacillus sp. OTHS  -64 -58 221 -50 -43 -35 -30 0 0 =72 -42 -50
Kocuria sp. TD1 0 -55 -15 0 0 0 -26 0 0 0 0 0
Methylobacterium +34 27 +14 0 0 +18 -45 -23 0 +19 0 -24
sp. U4
Methylobacterium +21 25 -20 0 0 0 -43 -31 0 0 0 -43
sp. Tw3
Mpycolicibacterium  +11 -39 0 +28 221 0 -60 -30 0 0 0 0
sp. US
Paenibacillus sp. 0 -45 0 -13 0 0 0 0 0 0 0 0
Tw2
Pantoea sp.TD1 -28 -39 -70 -31 -33 -36 -11 0 -62 -95 -35 -25
Pantoea sp. OTH1 0 0 -25 -17 -12 -29 0 -20 0 0 0 0
Peribacillus sp. TD1 -39 -52 -74 -45 -53 -38 =72 -24 0 -19 -79 -31
Priestia sp. U3 -43 -63 -64 -40 -65 -19 -51 -40 0 0 -62 -45
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Table 3 Results of assays to evaluate effects of bacterial isolates on Austropuccinia psidii germination and their sensitivity (neg— growth nega-
tively affected) to two commercial fungicides, fungus gun (FG, yates, Australia) and plant health fungus control (PHFC, kiwicare, new Zealand).
Urediniospore germination— values represent mean percentage of germinated spores=standard error of the mean for nine dots with bacterial cells
counted. *- indicate statistical differences between the control and bacterial isolate, assessed by Dunnett’s test (P<0.05)

Organism Urediniospore germination Fungus Gun Plant Health Fungus Control
Bacillus sp. OTH3 54.5+£3.2% neg neg
Bacillus sp. U5 12.8+2.4* neg
Bacillus mycoides TD3 54.3+1.3*% neg
Bacillus sp. W2 53.3+£3.8% neg
Bacillus sp. OTHS 41.842.3* neg
Kocuria sp. TD1 68.6+1.8 neg neg
Methylobacterium sp. U4 68.3£2.6 neg
Methylobacterium sp. Tw3 69.1£2.5 neg
Mpycolicibacterium sp. US 53.1+£4.5% neg
Pantoea sp.TD1 57.3+£2.8%

Pantoea sp. OTH1 67.6+1.4

Peribacillus sp. TD1 49.0+4.4* neg
Paenibacillus sp. Tw2 70.7£2.3 neg neg
Priestia sp. U3 45.54+2.7* neg

Control 69.9+3.5

Table 4 Response of M. excelsa seedlings to treatment with seed-borne bacteria and Penicillium sp. W5 after three months of growth in closed
containers. Values reflect means+standard error of the mean for 30 plants per treatment, and letters after values indicate: a— significantly different
from sterilised control, b— different from water control, based on tukey’s multiple comparisons test (Sup. Inf. 2)

Treatment Root length, mm Root branch- Shoot height, Shoot branch- Leaf pairs, N Shoot fresh
ing, N mm ing, N weight, mg
Sterilised control 50.9+7.1 1.5£0.2b 63+1.1b 1.1£0.1 2.9+0.6 8.0+1.4
Water control 54.4+4.1 2.1+03a 11.3+1.0a 1.0+0.0 3.4+03 12.0+£1.0
Penicillium sp. W5 63.0+4.5 2.8+0.1 ab 20.9+1.4 ab 1.1+0.1 4.8+04a 19.5+13a
Bacillus sp. W2 56.0+5.8 24+03a 152+24a 1.5+0.3 4.8+0.6 23.0+3.6 ab
Bacillus sp. U5 449+34 1.8+0.3 95+1.4 1.2+0.1 3.0+£0.4 11.0+1.6
Kocuria sp. TD1 68.1£6.1 ab 2.1+£02a 19.3£2.2 ab 1.7+0.3 ab 5.5+0.7 ab 34.0+3.8 ab
Methylobacterium sp. Tw3 39.3+2.6b 2.1+0.2a 11.1+1.2a 1.4+0.2 3.8+0.4 7.0+0.8
Mycolicibacterium sp. U5 52.0+4.5 1.7+0.2 145+15a 1.4+0.2 4.9+0.6 ab 23.0+2.4 ab
Paenibacillus sp. Tw2 57.5£3.9 22+02a 16.0+1.2 ab 1.3+0.2 47+04a 19.0+14a
Pantoea sp. OTH1 54+5 1.9+0.2 128+1.3a 1.2+0.2 4+0.4 15+1.4
Pantoea sp. TD1 50.2+4.5 1.9+0.2 13.7+1.7a 1.4+0.2 4.6+£0.6 a 16.0+2.0
Priestia sp. U3 56.8+4.1 2.0+0.2 152+12a 1.1+0.1 4.5+04a 18.0+1.4a
Bacterial consortium 50.4+£5 22+02a 15.5+1.5 ab 1.5+£0.2 5+0.5 ab 14+1.3
P value <0.0001 <0.0001 <0.0001 0.0006 <0.0001 <0.0001

Overall, the effects of fungicide application varied from
complete inhibition to delayed bacterial growth. While FG
only partly suppressed colony growth of isolates, PHFC was
able to fully inhibit several bacterial isolates (Fig. 4). Both
Pantoea isolates were resistant to the fungicides.

3.5 Influence of antimicrobial solutions on seed
germination and endophytic microbiome of
seedlings

Metrosideros excelsa seeds collected from three different
trees began germinating after five days, and two days later,
virtually all viable seeds germinated. The average number of
emergent seedlings was 169.3+18.2 from 120 mg of seeds
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in the sterile water control and 167.7+24.3 from the seeds
treated with antimycotic antibiotic solution. The germina-
tion rate of seeds treated with antibiotic antimycotic solu-
tion for the in-vitro propagation did not significantly differ
from water control (Welch’s t-test, P=0.9588, Table S4).
However, the early development of seedlings was
impaired by antibiotics: three days after germination hypo-
cotyls of treated seedlings were thinner, the radicles were
elongating slower, and they did not develop root hairs as
control seedlings (Fig. 5). One week after the germination,
control seedlings developed long primary roots covered in
dense root hairs, while treated seedlings only enlarged their
lower hypocotyls. Despite initial treatment with antibiotic
antimycotic solution, fungal growth was observed around
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Fig. 4 Bacterial sensitivity to fungicides after one-week incubation.
(A) Mycolicibacterium sp. US control plate. (B) Complete inhibition
of Mycolicibacterium sp. U5 by ready-to-use mix of fungicides Plant
Health Fungus Control (Kiwicare, New Zealand, boscalid 0.25 g/L,
pyraclostrobin 0.13 g/L, and tebuconazole 0.43 g/L.). (C) Bacillus sp.

treated seedlings; therefore, additional treatment with sys-
temic fungicide PHFC was applied together with antibiotic
antimycotic solution to obtain endophyte-free seedlings.

U5 control plate. (D) Bacillus sp. U5 inhibited by Plant Health Fungus
Control. (E) Kocuria sp. TD1 control plate. (F) Growth of Kocuria sp.
TD1 impaired by commercial fungicide Fungus Gun (Yates, Australia,
0.05 g/litre myclobutanil)

Despite seed treatment with antibiotics, Rahnella aqua-
tilis and Pseudomonas sp. were recovered from control and
treated seedlings derived from Tree 1. Pseudomonas sp. was
also present in Tree 2 control and treated seedlings. Tree
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Fig. 5 Seedlings of Metrosideros excelsa. (A) Three days after germi-
nation, treated with antibiotic antimycotic solution (62.5 pg/mL peni-
cillin, 100 pg/mL streptomycin, and 0.25 pg/mL amphotericin B in
citrate buffer; Sigma Aldrich, USA), and (B) water control. One week

3 control and treated seedlings contained Burkholderia sp.,
whereas only treated seedlings yielded Rhodopseudomo-
nas sp. on media. Endophytic fungi belonging to genera
Cladosporium and Aureobasidium were isolated from con-
trol seedlings from Trees 1 and 2 but not from the treated
seedlings. Tree 1 and 3 control seedlings contained two
unknown species of Penicillium; one of them was also iso-
lated from two sections of leaves from the treated Tree 3
seedlings. No fungi were present in the roots of any other
treated seedlings. During the isolation of Penicillium sp.
W5, we observed that this fungus could cause callus forma-
tion and root growth from the leaves, which developed long
roots covered in mycelium (Fig. 6). Seedling pieces derived
from other trees also actively developed roots in the pres-
ence of this fungus; therefore, the growth-promoting ability
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after germination— (C) treated with antibiotic antimycotic solution and
(D) water control. Seedlings grown from untreated seeds developed
long roots with dense root hairs. Scale bars=1000 um

of Penicillium sp. W5 was tested further in the seed inocula-
tion experiment.

3.6 Seed inoculation experiment

Seedlings derived from a single tree can develop differ-
ent morphotypes when inoculated with different microbes
(Fig. 7). Some seedlings grew as single stem shoots whereas
others produced branches from the stem at the early stages
of their development. Shoot apical meristems of seedlings
inoculated with certain bacteria were sometimes divided
into 2—4 equal stems (Fig. 7; Fig. S1). Growth parameters
of seedling roots and shoots varied significantly between
the treatments and control groups (P<0.0006, Table 4,
Tables S5). Shoots of the seedlings sterilised with antimi-
crobial solutions were significantly shorter than those of
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Fig.6 Penicillium sp. W5 initiates callus formation from the leaves (A, B); arrows point at callus. Root formation (C) and mycelial growth (arrow)
from the root (D); seedling cuttings develop roots in a plate containing the fungus (E). Scale bars for A-D=500 pm

water control and all the treatments, except inoculation with
Bacillus sp. US, which was the only strain that did not pro-
mote seedling growth compared to the controls (Table 4,
Tables S5). Root branching was another parameter signifi-
cantly impaired after antimicrobial treatment (P<0.0001,
Tables S5). Seedlings from the sterilised control often pro-
duced only a taproot with small side roots whereas water
control seedlings and plants inoculated with Penicillium sp.
WS, Bacillus sp. W2, Kocuria sp. TD1, Methylobacterium
sp. Tw3, Pantoea sp. TD1, Paenibacillus sp. Tw2, and the
bacterial consortium developed dense fibrous root architec-
tures (Fig. 7; Fig. S1).

Kocuria sp. TD1 was the only isolate that enhanced
seedling growth across all measured parameters except root
branching. The organs of inoculated seedlings significantly
differed from those of sterilised control and water control
with treated plants developing longer roots and larger and
heavier shoots with more leaf pairs and side branches. The
fresh weight for seedlings inoculated with K. palustris TD1

was four times (34.0+£3.8 mg) heavier than the sterilised
control (8.0+1.4 mg) and close to three times heavier than
the water control (12.0+ 1.0 mg), respectively. In addition,
Kocuria sp. TD1 significantly increased seedling shoot
weight compared to all other inoculated groups, i.e., Penicil-
lium sp. W5, bacterial consortium, Priestia sp. U3, Bacillus
sp. W2, Pantoea sp. TD1, Bacillus sp. U5, Mycolicibacte-
rium sp. US, Methylobacterium sp. Tw3, and Pantoea sp.
OTHI1 (Table 4; Tables S5).

Seedlings inoculated with Penicillium sp. W5 had more
densely branching roots and higher shoots in comparison to
the sterilised control and water control groups (P<0.0001),
but the number of leaf pairs (4.8+0.4) and shoot fresh
weight (19.5£1.3 mg) significantly differed (P=0.0001)
only from sterilised control (2.9+0.6 and 8.0+ 1.4, respec-
tively). Treatment with Paenibacillus sp. Tw2 resulted in a
similar seedling response (Table 4). In contrast, Bacillus sp.
W2, and Mycolicibacterium sp. U5 significantly increased
shoot weight in comparison to water and sterilised controls.
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Fig.7 Seedlings after seed inoculation experiment. Seeds were treated
with antibiotic antimycotic solution and Plant Health Fungus Control,
then inoculated with microbial isolates identified as beneficial for plant
growth and/or protection against A. psidii in previous experiments. (A)
Treated control— seeds were treated and propagated in sterile substrate
in axenic conditions. (B) Water control. (C) Treated seeds were inocu-

Inoculation with the bacterial consortium resulted in a
broad variation of seedling morphotypes in each container;
some seedlings developed 2-3 stems from apical meristem,
others developed one stem with robust leaves, and root
development also varied (Fig. S1). Another treatment that
also demonstrated broad variation of seedling response was
inoculation with Bacillus sp. U5, where the development of
some seedlings stagnated while others demonstrated more
active growth.

3.7 Recovery of inoculated taxa through a culture-
based approach

Different species were isolated from the shoots and roots of
seedlings (Table 5). All inoculated isolates were reisolated
on media from the tissues of the seedlings, except Kocu-
ria sp. TD1. Although this bacterium was present in soil, it
was not recovered from the seedlings (Table 5). However, a
few bacterial species were present not only in deliberately
inoculated seedlings but also in seedlings inoculated with
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lated with Pantoea sp. TD1; (D) inoculated with Penicillium sp. WS5;
and (E) inoculated with Kocuria sp. TD1. Inoculated seedlings dem-
onstrate longer shoot internodes and more developed lateral roots than
control seedlings. Some seedlings inoculated with Pantoea and Kocu-
ria developed branches or two-three equal stems, whereas Penicillium
did not induce branching

other taxa. Thus, Paenibacillus sp. was isolated from three
groups of seedlings initially inoculated with Kocuria sp.
TD1, Priestia sp. U3, and Penicillium sp. W5, respectively.
Pantoea spp. were recovered from seedlings inoculated with
Bacillus sp. US, and Methylobacterium sp. Tw3. Aureoba-
sidium sp. was present in seedlings treated with Kocuria sp.
TD1 and Priestia sp. U3. Penicillium sp. OTH4 was present
in water control seedlings, sterilised control seedlings, and
seedlings inoculated with Paenibacillus sp. Tw2, Kocuria
sp. TD1, Priestia sp. U3, Bacillus sp. OTHS, and Mycol-
icibacterium sp. U5 (Table 5). Interestingly, Pseudomonas
sp. was abundant only in seedlings from sterilised seeds,
whereas seedlings from the water control group contained
mostly Cladosporium aff. halotolerans, and Microbacte-
rium sp.
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Table 5 Taxa recovered from roots and shoots of seedlings three months after inoculation

Inoculated

Taxa isolated (closest GenBank match, number, percent identity)

Roots

Shoots

Paenibacillus sp. Bacillus subtilis (OP658876, 100%)
Tw2

Kocuria sp. TD1  Priestia aryabhattai (0Q547178, 99.91%) 99.71%

Paenibacillus sp. G2Bc6 (KF465973.1, 99.71%)
Priestia sp. aff.
aryabhattai U3 cillus sp. G2Bc6 16 S (KF465973, 99.85%)
Bacillus sp. aff.  Bacillus subtilis (LC802086, 100%)
subtilis OTHS5
Pantoea sp. aff.
ananatis TD1

Bacillus sp. U5

Pantoea ananatis (MG574389.1, 100%)

tis (CP054912, 99.76%)

Mpycolicibacte-  Priestia aryabhattai or megaterium (CP146500,

rium sp. US PP463907, 99.86%); Mycolicibacterium sp. US
(OR472927, 100%)

Methylobacte- Pantoea sp. (KY074223, 99.61%)

rium sp. Tw3
Pantoea sp.
OTHI1
Consortium of
bacteria 1-9

erans (PP417696, 99.87%)

(LC802086, 100%); Bacillus subtilis (MT229229,

Priestia aryabhattai (MK519060.1, 99.78%) Paeniba-

Bacillus subtilis (AY 881642, 99.91%); Pantoea anana-

Bacillus subtilis (LC804382,100%); Pantoea agglom-

Bacillus subtilis (AY 881642, 99.91%); Bacillus subtilis

Paenibacillus sp. G2Bc6 (KF465973, 99.86%); Penicillium sp.
OTH4 (PP708938, 100%)

Paenibacillus sp. G2Bc6 (KF465973, 99.86%); Penicillium sp.
OTH4 (PP708938, 100%); Aureobasidium sp. (OK376894, 100%)

Priestia aryabhattai (MK519060, 99.78%); Paenibacillus
sp. G2Bc6 16 S (KF465973, 99.85%); Penicillium sp. OTH4
(PP708938, 100%); Aureobasidium sp. (OK376894, 100%)

Bacillus subtilis (LC802086, 100%); Penicillium sp. OTH4
(PP708938, 100%)

Pantoea ananatis (MG574389.1, 100%);

Bacillus subtilis (AY 881642, 99.91%); Pantoea ananatis
(CP054912, 99.76%)

Priestia aryabhattai or megaterium (CP146500, PP463907,
99.86%); Penicillium sp. OTH4 (PP708938, 100%)

Pantoea sp. (KY074223, 99.63%) Methylobacterium sp.
(PP716427, 100%)

Pantoea agglomerans (PP417696’ 99.87%)

Pantoea sp. (MZ289970, 98.76%); Bacillus subtilis (MT229229,
99.91%) Methylobacterium sp. (PP716427, 100%)

99.91%) Mycolicibacterium sp. U5 (OR472927); Pries-

tia aryabhattai (MK519060, 99.78%);
Penicillium sp.
w5 sp. G2Bc6 1 (KF465973, 99.86%)

Sterilised control Pseudomonas sp. (OL824686, 99.93%)

Water control
Microbacterium testaceum (MK618600, 100%)

Penicillium sp. W5 (PP708937, 100%); Paenibacillus

Cladosporium aff. halotolerans (MN859971, 99.62%);

Penicillium sp. W5 (PP708937, 100%); Penicillium sp. OTH4
(PP708938, 100%); Paenibacillus sp. G2Bc6 1 (KF465973,
99.86%)

Pseudomonas sp. (OL824686, 99.93%); Penicillium sp. OTH4
(PP708938, 100%)

Cladosporium aff. halotolerans (MN859971, 99.62%); Micro-
bacterium testaceum (MK618600, 100%); Penicillium sp. OTH4
(PP708938, 100%)

4 Discussion

We used microorganisms isolated from the seed coat and
inner tissues of Metrosideros excelsa seeds aseptically
extracted from still closed seed capsules. Previous studies
indicated that bacteria isolated from seeds and foliage have
been shown to suppress or promote the growth of fungi
isolated from the same plant species (Christian et al. 2021;
Newcombe et al. 2023). Our results demonstrate that seed-
borne bacteria from Bacillus, Peribacillus, and Priestia
are potent antagonists of most of the seed-associated fungi
tested, including genera that contain species pathogenic
to plants such as Colletotrichum, Cytospora, and Neofu-
sicoccum, as well as putative beneficial endophytes such
as Aureobasidium and Cladosporium. This implies that if
strongly antagonistic bacteria enter developing seeds before
fungi, these bacterial species may occupy the seeds and sup-
press fungi arriving later.

Some bacterial taxa are known to promote the growth
of certain species of fungi and suppress others (del Bar-
rio-Duque Alejandro et al. 2020; Christian et al. 2021;

Newcombe et al. 2023). Although recent work (del Barrio-
Duque et al. 2019, 2020) has demonstrated that several bac-
terial isolates stimulate beneficial fungal endophytes, the
results of our study are more similar to those observed by
Christian et al. (2021). We found that three bacterial iso-
lates promoted the growth of Alternaria and Cladosporium
but inhibited the growth of Cytospora. Alternaria species
are often pathogenic to plants, including Myrtaceae, and
Cytospora species are associated with cankers and dieback
of juvenile eucalypts (Adams et al. 2005; Lupo et al. 2001;
Crous et al. 2019; Pan et al. 2020). However, certain Alter-
naria species may also be plant mutualists (DeMers 2022;
Elghaffar et al. 2022). Consequently, if bacteria stimulate
the growth of fungi beneficial for their plant host, such inter-
actions might potentially have cumulative positive effects
on plant growth and resilience to environmental stresses,
whereas bacterial facilitation of phytopathogenic fungi will
likely cause rapid decline of the host; however, this hypoth-
esis should be further tested in planta.

Based on observations during 2021-23 (Leonard 2023,
2024), M. excelsa trees displayed a wide variation in
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susceptibility to myrtle rust, with resistant trees located close
to heavily infected ones. An investigation of seed-borne
microbiome of M. excelsa indicated that individual trees
contain different assemblies of bacteria and fungi, whose
composition varied among closely located trees (Kholos-
tiakov et al. 2024). As some trees accumulated potentially
beneficial endophytes in their seeds, and other trees had
phytopathogens, the seed microbial assembly could poten-
tially have different influences on seedling survival. We sug-
gest that depending on the source tree, bacteria and fungi
may promote seedling growth and their resistance to patho-
gens, such as A. psidii, or alternately, the seed microbiome
may adversely affect the seedling survival.

We tested the influence of bacterial isolates on germinat-
ing urediniospores of 4. psidii, and the inhibitory effects of
fungicides on bacterial growth. Bacillus isolates, as in other
studies with rust fungi, were found to be potent inhibitors
of A. psidii (Manjula et al. 2004; Li et al. 2013; Dorighello
et al. 2015; Kiani et al. 2021; Khan et al. 2023). However,
we found that most of the bacteria that suppressed ure-
diniospore germination and inhibited the growth of seed-
borne pathogens were sensitive to the Plant Health Fungus
Control (PHFC) fungicide formulation. We propose that
fungicide application to prevent myrtle rust disease may
potentially diminish the bacterial population that protects
against pathogenic fungi.

The off-target effects of fungicides is a new area of
research, and available data suggest that different formula-
tions display various effects on endophytic bacteria, from
complete inhibition and cell wall degradation to growth
facilitation (Sharma et al. 2022; Andreolli et al. 2023; Luong
et al. 2024). Based on recent data, endophytic Bacillota and
Actinomycetota are more sensitive to boscalid and tebuco-
nazole than Pseudomonadota (Andreolli et al. 2023). Our
results confirmed this trend, as all isolates of Bacillota and
Actinomycetota were sensitive to PHFC, except Priestia
sp. U3, which was sensitive to myclobutanil. Myclobutanil
belongs to triazole fungicides, primarily targeting ergosterol
of fungal cell walls, but derivates of triazoles potentially
inhibit bacterial enzymes (Matin et al. 2022; Andreolli et
al. 2023; Roman et al. 2023). One recent study found that
propiconazole, another triazole fungicide, inhibited endo-
phytic bacteria in vitro and in planta, resulting in the reduc-
tion of beneficial bacteria in the host, making plant more
susceptible to bacterial speck disease (Yadav et al. 2022). In
contrast, another study demonstrated that growth-promoting
Pseudomonadota from generaCitrobacter sp., Klebsiella
sp., and Pseudomonas sp. were able to use triazole fungi-
cides as carbon sources (Luong et al. 2024). Such selec-
tive sensitivity of bacteria to fungicides may explain why
we isolated different microbial taxa from M. excelsa seed-
lings after the application of antimycotic antibiotic solution
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for tissue culture and PHFC fungicide. Cladosporium and
Microbacterium were potentially eliminated from seeds
after treatment with antimicrobial solutions, and the subse-
quent application of fungicides could promote Pseudomo-
nas proliferation in seedlings. The absence of Pseudomonas
sp. in seedlings deliberately inoculated with other bacteria
may be explained by their greater cell numbers in inoculum,
enabling fast occupation of seeds. Since we placed germi-
nating seeds in bacterial inoculum consisting of actively
multiplying cells, these bacteria may have rapidly dissemi-
nated within plant tissues, outcompeting resident bacteria,
which may have led to the ability to reisolate inoculated
bacteria from tissues of seedlings after their three-month
growth in closed containers, except for Kocuria sp. TD1.

However, seed treatment with Kocuria sp. TD1 most
significantly enhanced seedling development compared
to other inoculations and controls. Species of Kocuria are
known as soil-dwelling growth-promoting bacteria, which
can migrate to seeds and be vertically transmitted to the next
generation (Sanchez-Lopez et al. 2017; Liang et al. 2021,
Sharma et al. 2023; Mauceri et al. 2024). This bacterium can
support plant growth via the production of plant hormones,
phosphate solubilisation, and resistance to salt, drought,
and heavy metal pollution (Zacaria Vital et al. 2019; Wang
et al. 2020; Afridi et al. 2021; Mauceri et al. 2024). Our
results support these reports because seedlings inoculated
with Kocuria sp. TD1 had the most developed root system
and larger, heavier shoots with more branches than any
other seedlings. Our failure to reisolate this bacterium from
seedlings might result from the prolonged sterilisation of
plant tissues, which may have killed the bacterium, or that
Kocuria sp. was outcompeted by faster-growing bacteria on
media. In the future, it may be necessary to use selective
media for Actinomycetes or direct sequencing from plant
material, as abundance of this genus can be relatively low in
samples (Sanchez-Lopez et al. 2017).

Unexpectedly, we isolated Aureobasidium sp., Penicil-
lium sp. OTH4, Paenibacillus sp., and Priestia sp. from
seedlings that were treated with antibiotics and fungicides
and later inoculated with other microorganisms. These
microbial taxa could be present in intact seeds and survive
treatment, and thus, microorganisms inoculated later were
incorporated into the existing microbiome. Endophytic
Aureobasidium and some bacteria have been documented
to exist intracellularly in seedlings (White et al. 2019). We
suggest that such microorganisms may survive inside plant
cells away from extracellular antimicrobial agents, or their
concentration was insufficient to eliminate bacteria and
fungi from the seeds. Potentially, only high antibiotic con-
centrations can eliminate bacteria from seeds (Puente et al.
2009).
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In our experiments, antimicrobial solutions did not
affect the germination of M. excelsa seeds, but treated seed-
lings had impaired root development. The same trend was
observed for other plants (Minden et al. 2017; Bellino et
al. 2018). It was also documented that seed-borne bacteria
and fungi accumulate in roots, triggering the formation of
dense root hairs, but treatment with antibiotics and fungi-
cides significantly reduced endophytic diversity and root
development (Puente et al. 2009; Irizarry and White 2017,
Vasanthakumari et al. 2018).

Fungicides have been suggested as effective strategy for
myrtle rust control in New Zealand, and antimycotic antibi-
otic solutions are used for plant tissue culture to save endan-
gered Myrtaceae (Adusei-Fosu et al. 2021; van der Walt et
al. 2023). Fungicide application to control myrtle rust on
Lophomyrtus sp., New Zealand Myrtaceae, demonstrated
that treated plants develop shorter internodes, but there is
no explanation for this effect (Beresford and Wright 2022).
In our experiments, shoots of M. excelsa seedlings after
antimicrobial treatment were shorter than those of the water
control. In contrast, when treated seeds were subsequently
inoculated with seed-borne endophytes, the resulted seed-
lings developed longer internodes, larger leaves, and dense
root systems. Thus, our results suggest that applying benefi-
cial endophytes after antimicrobial treatment may stimulate
seedling growth and introduce natural protection against
pathogens. However, microorganisms antagonistic towards
pathogens do not necessarily benefit plant growth, as dem-
onstrated by our results with Bacillus sp. U5, which, despite
being the most potent antagonist of A. psidii in vitro, did not
improve the growth of inoculated seedlings.

During our experiments, we found that leaf cuttings of
M. excelsa could produce roots. There is no evidence in
literature about such root formation by Myrtaceae; how-
ever, we observed this phenomenon for seedling leaves that
harboured Penicillium sp. W5. Dissected seedlings readily
developed new roots in the presence of Penicillium sp. W5,
and further seed inoculation experiments confirmed that this
fungus was responsible for root branching. Some species
of Penicillium may facilitate plant growth via phosphorous
acquisition from soil, production of plant hormones and sid-
erophores, and alleviation of salt stress (Wakelin et al. 2004,
2007; Babu et al. 2015; Molina-Montenegro et al. 2020).
In addition, it was shown that Penicillium simplicissimum
could induce resistance to Puccinia striiformis f. sp. tritici
(Esmail et al. 2022).

We observed that Penicillium sp. co-occurred with Pae-
nibacillus sp. in seedlings, and this bacterium was also iso-
lated from presumably clean colonies of Penicillium sp.
W5, which was responsible for callus and root formation
from detached leaves of M. excelsa seedlings. The root for-
mation may have resulted from the cumulative effects of

Penicillium and Paenibacillus, which occupied seedling tis-
sues together. Metabolites of Penicillium species have been
shown to activate the swarming motility of Paenibacillus
sp. towards the mycelium (Park et al. 2008). Paenibacil-
lus species are well-known growth-promoting bacteria often
isolated from seeds (Ferreira et al. 2008; Rybakova et al.
2016; Liu et al. 2019; Singh and Wesemael 2022). These
bacteria are common in tissue cultures of woody plants,
initiating root formation from microcuttings (Ulrich et al.
2008).

In conclusion, our study demonstrated the importance
of seed-borne bacteria and Penicillium isolates in develop-
ing M. excelsa seedlings. The results indicate the potential
of several isolates as plant growth-promoting endophytes,
which may be employed for sustainable plant nursery prac-
tices. We also demonstrated that it is impossible to elimi-
nate all bacteria and fungi from seeds using the antibiotic
antimycotic solution in recommended concentrations. Anti-
biotics and fungicides adversely affect seedling develop-
ment; nevertheless, certain beneficial seed-borne isolates
may be effectively inoculated into treated seeds. We suggest
that inoculating seedlings with a combination of growth-
promoting isolates and antagonists of A. psidii may provide
seedlings with the best chance of survival.
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