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Background. Burkholderia sp. SSG is a bacterial endophyte isolated from boxwood leaves
showing a resistant response to infection by the boxwood blight pathogen Calonectria
pseudonaviculata. SSG acted as a protective and curative biocontrol agent for boxwood
blight and as a bio-sanitizer of disease inoculum in the field. Many gene clusters involved
in antibiotic production and plant growth promotion (PGP) were found in the genome,
giving this endophyte great application potential for plant protection and growth. However,
the PGP features have not been documented. This study investigated the plant growth
promotion activity of SSG in boxwood. Methods. To determine whether SSG is a plant
growth promoting bacteria, four PGP traits, auxin and siderophore production, nitrogen
fixation and phosphate solubilization were examined in the laboratory with colorimetric or
agar plate assays. The plant growth promoting activity of SSG was tested on three
boxwood varieties characterized by slow, intermediate and fast growth rates, namely
Justin Brouwers, Buddy and Winter Gem, respectively. These plants were drenched with an
SSG cell suspension or water and washed plant weight was compared before and after
treatment to determine growth changes after 10 months. Results. The SSG culture was
sustainable on nitrogen free media, suggesting that SSG may fix atmospheric oxygen. It
was also a strong phosphate solubilizer and a potent siderophore and indole-3-acetic acid
(IAA) producer. Significant growth promotion was observed on boxwood cultivars Justin
Brouwers, Buddy and Winter Gem 10 months after plant roots were drenched with SSG
cells. The growth rate of these plants was 76.1, 58.3, and 37.3% higher than that of the
control, respectively. The promotion was significantly different among plant varieties,
notably with the slow and intermediate growers. This study demonstrates that the SSG
bacterium has multiple PGP traits and is a prospective plant biofertilizer.
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Abstract

Background. Burkholderia sp. SSG is a bacterial endophyte isolated from boxwood leaves
showing a resistant response to infection by the boxwood blight pathogen Calonectria
pseudonaviculata. SSG acted as a protective and curative biocontrol agent for boxwood blight
and as a bio-sanitizer of disease inoculum in the field. Many gene clusters involved in antibiotic
production and plant growth promotion (PGP) were found in the genome, giving this endophyte
great application potential for plant protection and growth. However, the PGP features have not
been documented. This study investigated the plant growth promotion activity of SSG in
boxwood.

Methods. To determine whether SSG is a plant growth promoting bacteria, four PGP traits,
auxin and siderophore production, nitrogen fixation and phosphate solubilization were examined
in the laboratory with colorimetric or agar plate assays. The plant growth promoting activity of
SSG was tested on three boxwood varieties characterized by slow, intermediate and fast growth
rates, namely Justin Brouwers, Buddy and Winter Gem, respectively. These plants were
drenched with an SSG cell suspension or water and washed plant weight was compared before
and after treatment to determine growth changes after 10 months.

Results. The SSG culture was sustainable on nitrogen free media, suggesting that SSG may fix
atmospheric oxygen. It was also a strong phosphate solubilizer and a potent siderophore and
indole-3-acetic acid (IAA) producer. Significant growth promotion was observed on boxwood
cultivars Justin Brouwers, Buddy and Winter Gem 10 months after plant roots were drenched
with SSG cells. The growth rate of these plants was 76.1, 58.3, and 37.3% higher than that of the
control, respectively. The promotion was significantly different among plant varieties, notably
with the slow and intermediate growers. This study demonstrates that the SSG bacterium has
multiple PGP traits and is a prospective plant biofertilizer.
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Introduction

Endophytes have recently received considerable attention because of their ability to promote
plant growth and suppress plant pathogens (Diaz Herrera et al., 2016; Eljounaidi et al., 2016; Joy
and Parke, 1994; Nejad and Johnson, 2000; Reinhold-Hurek and Hurek, 2011; Santoyo et al.,
2016). Burkholderia sp. SSG was isolated from boxwood leaves showing a resistant response to
infection by Calonectria pseudonaviculata (Cps): the initial water-soaked lesions which
developed 48h after inoculation with Cps disappeared with no subsequent disease development
(Kong and Hong, 2020b). As an environmental member of the Burkholderia cepacia complex
(Bce) , SSG differs from the clinical strains involved in lung infections of immunocompromised
patients (Vandamme et al., 1997) by the onion maceration test response, RecA restriction
fragment length polymorphism and lack of the Burkholderia cepacia Epidemic Strain Marker
(BCESM) (Kong and Hong, 2020b). Recent genome sequencing (Kong and Hong, 2020a) has
confirmed that SSG does not have the cable pini subunit gene (ch/A) for BCESM
(Mahenthiralingam et al., 2000; Mahenthiralingam et al., 1997; Sajjan et al., 1995). It also
reveals the absence of several multiloci that are used for Bec typing (Baldwin et al., 2005). More
interestingly, the SSG genome contains genes encoding traits that are uncommon in Bcec clinical
strains such as those involved in nitrogen fixation and production of bacteriocin (Bevivino et al.,
1994; Gonzalez and Vidaver, 1979). These traits indicate a low health risk and high potential of
SSG as a biocontrol agent for plant diseases and biofertilizer for plant production.

Boxwood blight is a deadly disease of boxwood caused by Cps (Daughtrey, 2019; LeBlanc et
al., 2018). Leaves inoculated with the pathogen can develop blight symptoms within 72 h (Kong
and Hong, 2018). SSG provided nearly complete protection from the disease when used as a
foliar treatment on boxwood plants before or shortly after plant infection by Cps (Kong and
Hong, 2020b). Such protection is superior to any biocontrol product and agents evaluated to date
(Kong, 2019; Kong and Hong, 2017; Kong and Hong, 2019; Yang and Hong, 2018; Yang and
Hong, 2017). When used to treat diseased leaf debris in the field, SSG diminished production of
inocula and mitigated disease development (Kong and Hong, 2020b).

Biocontrol agents for plant diseases are often plant growth promoters (Compant et al., 2005;
Pal, 2006). This is particularly true for Bcc environmental strains (Batista et al., 2018; Bevivino
et al., 1998; Germida and Walley, 1996; Ghosh et al., 2016; Sopheareth et al., 2013; Tran Van et
al., 2000). Many of these Bcc strains were reported to have a high capacity for antibiotic
production (Depoorter et al., 2016), as well as production of other metabolites that can promote
plant growth through phosphate solubilization, ethylene regulation with 1-aminocyclopropane -
I-carboxylate (ACC) deaminase and sequestering iron (Batista et al., 2018; Ghosh et al., 2016;
Santoyo et al., 2016; Santoyo et al., 2012; Tran Van et al., 2000). Whole genome sequencing of
SSG indicated greater capacity than other members of the environmental Bee for antibiotic
synthesis and production of other secondary metabolites beneficial for plant growth (Kong and
Hong, 2020a). However, SSG has not been verified as a plant growth promoting bacterium. This
study aims to explore the potential of SSG as a biofertilizer. Four PGP traits: nitrogen fixation,
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phosphate solubilization and production of IAA (Indole-3-Acetic Acid) and siderophores were
examined through colorimetric or agar plate assays. SSG was also evaluated for plant growth
promotion on three boxwood varieties through drench application.

Materials & Methods

SSG Culture growth conditions. Burkholderia sp. SSG, from the Virginia Tech Collection of
Phytophthora and Beneficial Microbes (VTC) of the World Data Center for Microorganism
(WDCM1197), was grown and maintained on potato dextrose agar (PDA) nutrient agar (NA) or
in nutrient broth (NB) (Becton, Dickinson and Company, Spark, MO, USA) at 25-28°C. For a
fresh culture, a streak plate was prepared from stored culture and incubated for 48 h.

TIAA production. IAA production by SSG was determined quantitatively using the colorimetric
method (Liaqgat and Eltem 2016) with a minor modification. Specifically, 4 ml of NB containing
4 mg tryptophan was inoculated with a single colony of SSG from a fresh culture plate. After a
72-h incubation at 28°C, 1.5 ml of SSG broth culture or the control, NB without SSG, was
centrifuged at 13,523 g for five minutes. 0.5 ml of the supernatant was then mixed with 1 ml
Salkowski’s reagent in a 1.5-ml tube and incubated at 23°C for 30 min. The reaction with SSG
supernatant was then measured for absorbance at 530 nm after blanking with the control on a
DUS00® spectrophotometer (Beckman Coulter, Indianapolis, IN, USA). The assay was run in
triplicate and repeated once. A standard curve constructed with an IAA dilution series (Sigma-
Aldrich, St. Louis, MO, USA) at a range of 0.1 to 300 pg ml/l was used for quantification of
IAA in the sample.

Nitrogen fixation ability. Nitrogen fixation was determined by growing SSG on nitrogen-free
agar medium as described previously (Liagat and Eltem 2016). Specifically, nitrogen-free agar
plates were streaked with fresh SSG colonies from a PDA culture. Nutrient agar plates were used
as a positive control. Plates were incubated at 25°C for 4 days and examined for bacterial
growth. The assay was conducted in triplicate and repeated once.

Phosphate solubilization. The ability of SSG to solubilize phosphate was determined using the
National Botanical Research Institute’s Phosphate (NBRIP) broth or agar medium and the
colorimetric method (Nautiyal 1999; Pradhan and Raj Pokhrel 2013) with minor modifications.
For the plate assay, three sterilized Whatman filter paper disks were placed on NBRIP agar
plates at the points of an equilateral triangle. A 10-pl aliquot of SSG cell culture stock was
pipetted onto each disk. Control disks received the same amount of nutrient broth without SSG.
All plates were incubated at 27°C for seven days then examined for development of a halo
around the disks. For the broth colorimetric assay, 150 mg Ca3(PO,), as an insoluble form of
phosphate was added to 30-ml NBRIP broth. 0.3 ml of overnight SSG culture in NB or NB alone
(the control) was added. After incubation on a shaker at 27°C for seven days, the culture was
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centrifuged at 13416 g for 10 min. The supernatant was autoclaved for 20 min and stored at 4°C.
To determine soluble phosphate release into the solution, 1 ml of the supernatant or its dilution
was added to 2 ml of 2.5% ammonium molybdate and 0.5 ml of 10 mol/l sulfuric acid, mixed
with 1 ml of 0.5 mol/l hydrazine hydrate solution then brought to 25 ml with SDW. The NB
control was used as a blank and the SSG culture supernatant was measured for absorbance at 840
nm on a DUBOO® spectrophotometer. When the absorbance of a sample was one or smaller,
soluble phosphate was calculated by sample absorbance /0.1235 + 0.0018. When the absorbance
of a sample was one or greater, soluble phosphate was calculated after a 100x dilution (Pradhan
and Raj Pokhrel 2013). Both assays included three replicates and were repeated once.

Siderophore production. Siderophore production by SSG was determined using blue agar
medium containing chrome azurol S (CAS) and the indicator hexadecyltrimethylammonium
bromide (Schwyn and Neilands 1987). Specifically, the media plates were streaked with SSG
and incubated at 25°C. Plate color change was examined after 48 h. Plates with a color change
from blue to yellow were recorded as positive. This assay included three replicate plates and the
assay was repeated twice.

Plant treatment and growth measurement. Three boxwood cultivars with different growth
rates, Buxus sempervirens ‘Justin Brouwers’ (slow), ‘Buddy’ (intermediate) and B. microphylla
var. japonica ‘Winter Gem’ (fast) were used in this study. Two plants were grown in 3.8-liter
containers and maintained in a greenhouse before use. One week before SSG treatment in
November 2018, plants were separated and rinsed with tap water to remove potting mix. Cleaned
individual plants were weighed after drying with paper towel, then repotted in a mixture of
Scotts® Premium Potting Soil (Marysville, OH) and pine bark (Pacific Mulch Inc, Henderson,
NC) at 1: 2 in 3.8-liter containers. These plants were watered manually to saturate the soil
followed by drip irrigation every other day for one min.

Plants were treated by drenching with an SSG cell suspension prepared by inoculating 3
flasks each containing 150 ml NB with 1 ml from a 5ml overnight broth culture. After incubation
at 28°C on a shaker for 40 h, each culture was pooled and centrifuged at 8,275 g for 15 min. The
cell pellets were resuspended in 500 ml dH,O after supernatant was removed. For treatment, a
50-ml aliquot of SSG resuspension at 10 cfu/ml or the same volume of water without SSG was
evenly poured onto the potting mix around plants in containers. After treatment, containers were
arranged in a randomized complete block design and drip irrigation was resumed after two days.
In March 2019 plants were moved out of the greenhouse to a gravel pad with overhead irrigation.
In September 2019 plants were removed from containers, washed free of soil mix and weighed
as in November 2018. Plant growth was meausred by the difference in plant weight between the
beginning and end of the experiments. The experiment was conducted three times with an
interval of a week.
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Statistical analysis. Plant growth data from three repeated experiments were subjected to
homogeneity test and subsequently pooled for further analyses. Analysis of variance was

conducted using the Statistical Analysis Software Version 9.4 (SAS Institute, Cary, NC).

Treatment means were separated by boxwood cultivar according to the least significance

difference at P = 0.05.

Results

Plant growth promotion traits of SSG

IAA was detected in the cell free supernatant two days after NB broth containing tryptophan was
inoculated with SSG cells (Fig. 1a). The estimated yield was 2.9 — 4.5 pg/ml. The amount of
IAA detected did not change with longer growth periods, suggesting limited use of tryptophan.
No color change occurred in the control (Fig. 1b).

SSG grew on nitrogen-free medium (Fig. 1¢) although not as well as on nitrogen- rich
medium, NB (Fig. 1d).

Phosphate solubilization by SSG was confirmed by both plating and colorimetric methods. A
clear halo developed around the SSG disks on NBRIP agar medium within three days. These
halos enlarged with increasing incubation time. They were 14 mm (% 0.3) in diameter by the 7th
day (Fig. 1e). No halos formed on any of the control plates (Fig. 1f). The solubilized phosphate
measured colorimetrically after 7 days was 206.4 ppm (% 5.0), approximately 21% of the
insoluble form of phosphate.

The blue agar chrome azurol S assay detected siderophore production by SSG. The agar
turned yellow 48 h after the plate was streaked with SSG (Fig. 1g) and no color change occurred
on the NB streaked control (Fig. 1h).

Effect of SSG on boxwood plant growth

The growth rate of three boxwood varieties was measured 10 months after drenching the
container mix with an SSG cell suspension or water. There was no difference between three
repeated experiments (P = 0.6905) nor interaction between cultivar and treatment (P = 0.2121),
cultivar and experiment (P = 0.1366) and between treatment and experiment (P = 0.2434).
However, there was significant difference between treatments with and without SSG and the
difference varied with cultivar (P < 0.0001). SSG consistently promoted plant growth of all three
boxwood cultivars when compared to the control (Fig. 2). Specifically, the growth increase in
SSG treated plants was 58%, 76% and 37% greater than that of the control in Buddy (P =
0.0236), Justin Brouwers (P = 0.0014) and Winer Gem (P = 0.0190), respectively. Justin
Brouwers, Buddy and Winer Gem Buddy are slow, intermediate and fast-growing cultivars. SSG
appeared more effective in promoting the slow and intermediate rather than fast growing plants.

Discussion
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This study investigated the plant growth promotion activity of SSG on boxwood. Although SSG
was isolated from leaves, it stimulated plant growth when applied as a root treatment. 76%
growth increase was observed in the slower growing ‘Justin Brouwers’ cultivar used in a
previous study evaluating disease suppression by SSG (Kong and Hong, 2020b). In that study, an
increase in leaf number was observed when SSG culture was used to treat diseased leaf debris
added to containers with healthy plants. However, since boxwood blight incidence also
decreased with the treatment, it was not certain whether the leaf increase was a result of normal
plant growth after disease reduction. This study confirms the plant growth promotion ability of
SSG and suggests that the increase in leaf number observed previously may be attributed to the
treatment. The current study revealed a trend that slower growing cultivars ‘Justin Brouwers’ and
‘Buddy’ benefited more from SSG treatment than the fast-growing cultivar ‘Winter Gem’. All
three showed a significant increase in growth after SSG treatment compared to their controls and
one another. It is not clear why SSG was more effective on the slow and intermediate than the
fast-growing cultivar. One possibility is that the effect of SSG may be overruled by other genetic
factors in the faster growing cultivar which may be less dependent on environmental conditions
for growth. SSG has been shown to be able to survive in soil and rhizosphere (Kong and Hong,
2020b). However, how it behaves in the rhizosphere and how it responds to plant genetic factors
remain to be further studied.

SSG is a plant growth promoting bacterium. IAA is the basic and most potent auxin natively
occurring and functioning in plants and it regulates leaf and flower development (Benkova et al.,
2003; Ludwig-Miiller, 2011). TAA was detected in SSG cell free culture supernatant. To our
knowledge, SSG is the first leaf endophytic burkholderial bacterium producing IAA as other
IAA-producing Burkholderia are found in the stem, root and rhizosphere (Mendes et al., 2007;
Weilharter et al., 2011). IAA production by SSG was relatively low, 2.9 — 4.5 ug/ml compared to
some non-Burkholderia bacterial endophytes that produce 9.6 - 43 pg/ml (Liagat and Eltem,
2016). However, it is not clear whether such yield is common in IAA producing Burkholderia
due to lack of quantitative data. Interestingly, genes encoding tryptophan-2-monooxygeanse or
tryptophan transaminase were not found in the SSG genome (Kong and Hong, 2020a). These
enzymes play important roles in the pathways of tryptophan-dependent IAA biosynthesis in
bacteria (Pseudomonas and Agrobacterium) and plants (Zhao, 2010; Zhao, 2012). It is not
understood how IAA was produced without these genes although there are genes for tryptophan
production. Whether SSG may use a different pathway for IAA production is still a question to
be answered.

Another distinctive trait of SSG is nitrogen fixation as indicated by SSG growth on nitrogen-
free medium. Nitrogen fixation has been found in various endophytic bacteria (Estrada-De Los
Santos et al., 2001; Ghosh et al., 2016; Liaqat and Eltem, 2016; Tran Van et al., 2000), but it is
uncommon for Bee (Gonzalez and Vidaver, 1979). SSG is the second member of Bec that can fix
nitrogen following B. vietnamiensis (Gillis et al., 1995). This ability of SSG corresponds well
with its genome compacity for the trait. Many genes involved in nitrogen fixation and regulation
have been found in the SSG genome (Kong and Hong, 2020a). These genes include the
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nitrogenase gene (eg. NifQ) (Hoffman et al., 2014), the hglE cluster, heterocyst glycolipid
synthase-like PKS involving nitrogen fixation in cyanobacteria heterocyst (Campbell et al.,
1997; Fan et al., 2005), and genes for nitrogen fixation and regulation such as pstN and gInB
(Fan et al., 2005; Michiels et al., 1998). With this capacity, SSG can modulate nitrogen
acquisition and metabolism.

Treatment of seed or soil with phosphate-solubilizing bacteria can improve crop yield by
releasing insoluble and fixed forms of phosphorus such as rock phosphate (Khan et al., 2007;
Qureshi et al., 2012; Reijnders, 2014). Weak phosphate-solubilizing bacteria do not produce a
halo in the plate assay (Nautiyal, 1999). The halo formed by SSG suggests that this bacterium is
a potent phosphate solubilizer. The amount produced as quantified with the colorimetric method
(Pradhan and Raj Pokhrel, 2013) is similar to that reported for some strong phosphate
solubilizing bacterial endophytes including Burkholderia spp (Ghosh et al., 2016; Liaqat and
Eltem, 2016; Qureshi et al., 2012). Optical density of the supernatant of phosphate-solubilizing
bacterial culture in NBRIP with Ca;(PO,), has been used to measure soluble form of phosphorus
in other studies (Ghosh et al., 2016; Liagat and Eltem, 2016). However, since there are no
comparative studies on these methods, values of soluble form of phosphorus by these bacteria
from different research may not be comparable.

Siderophores from microorganisms can be used by a plant for iron nutrition and alleviate the
stresses imposed on plants by high levels of heavy metals in soil and plant pathogen suppression
(Glick 2012). SSG was a potent siderophore producer as shown by the plating method. This is
consistent with the data from SSG genome sequencing revealing more than 100 genes involved
in siderophore biosynthesis, assembly and metabolism (Kong and Hong 2020a). However, it is
not clear whether SSG may be different from other plant growth promoting Bce in terms of
siderophore composition and number due to limited research on these bacteria.

Conclusions

This study confirms that the potent biocontrol agent, boxwood endophytic Burkholderia sp. SSG,
is also a plant growth promoter. Plant growth increased by 37 — 76% when the bacterium was
applied as a drench to containerized boxwood. Four important plant growth promoting traits
predicted by SSG genome sequencing were also verified in the laboratory. IAA production,
nitrogen fixation, phosphorus solubilization and siderophore production was confirmed in this
endophyte. These traits along with other features such as potent antagonism against pathogens
and low human health risk demonstrate its potential as a biofertilizer. Further studies on
acquisition, transfer and metabolism of the growth hormone, nitrogen, phosphorus and iron and
on a formulation for optimum efficacy in plant production and health are warranted.
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Figure 1

SSG plant growth promoting traits as shown in a colorimetric or plate assay.

(a) Light pink color produced at 2 days showing IAA production; (c) Growth on nitrogen free
media at 4 days showing nitrogen fixation; (e) Halo produced around disks at 7 days showing
phosphate solubilization and (g) Yellow color change at 3 days showing siderophore
production. (b), (d), (f) and (h) are images of the control tube or plate for a, ¢, e, and g,

respectively.
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Figure 2

Boxwood plant growth of three cultivars - Buddy (intermediate), Justin Brouwers (slow)
and Winter Gem (fast) as affected by SSG cell suspension (SSG) or control (dH,0)

drench over a 10-month period.

Each column is a mean of 9 replicate plants from three repeated experiments. Standard error
bars are presented on top of the columns. Columns within each cultivar topped with different

letters differed according to the least significant difference at P = 0.05.
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