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Effects of endophytes on
early growth and ascorbate
metabolism in Brassica napus

Susan Jones-Held* and James F. White

Department of Plant Biology, Rutgers University, New Brunswick, NJ, United States

Understanding the early interactions between plants and endophytes will
contribute to a more systematic approach to enhancing endophyte-mediated
effects on plant growth and environmental stress resistance. This study examined
very early growth and ascorbate metabolism after seed treatment of Brassica
napus with three different endophytes. The three endophytes used were Bacillus
amyloliquefaciens pbl(Bapbl), Micrococcus luteus (Ml) and Pseudomonas
fluorescens SLB4 (SLB4). Seeds of Brassica napus cv. trophy were surface
sterilized and plated on 1/2 MS Basal salts (pH 5.7 -5.8) + 0.8% agarose. Under
sterile conditions, endophyte suspensions or sterile distilled water (controls)
were applied to plated seeds. After two days, all plates were scanned to
produce digital images for subsequent growth analysis. Then, seedlings were
gently removed from the plates and placed in sterile microfuge tubes. For
biochemical analyses, extracts were prepared from samples and assayed
spectrophotometrically. We detected slight changes in seedling root tip and/or
primary root growth with Bapbl and MLl. Seedlings treated with SLB4 exhibited
significantly increased primary root and root tip length after two days of growth.
Ascorbate oxidation, however, was the primary significant change common to all
endophyte-treated seedlings. In relation to ascorbate oxidation, soluble
ascorbate oxidase (AO) was slightly reduced in Bapbl and Ml-treated seedlings,
whereas ionically-bound AO was reduced in Bapbl and SLB4-treated seedlings.
Total AO activity was significantly reduced in Bapbl-treated seedlings. There
were no differences in cytosolic APX activity or glutathione levels between
endophyte-treated seedlings and controls. Like pathogens, endophytes can
trigger an oxidative burst in the plant. A level of ascorbate oxidation seems
required to propagate ROS as signaling molecules as part of the plant immune
response. The slight to moderate reductions in plant AO activity that we found
mimic the inhibitory effects of pathogens on AO activity, but there was still a level
of AO activity that may have been sufficient for the apoplastic ascorbate
oxidation required for subsequent ROS signaling. Other studies have suggested
that endophytes may elicit a more moderate plant immune response relative to
pathogens to facilitate colonization. The AO, APX, and glutathione results would
be consistent with a moderate plant immune response to endophytes.

endophytes, canola, seedling growth, ascorbate oxidation, priming, ROS (reactive
oxygen species)
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1 Introduction

Numerous studies have demonstrated that bacterial endophytes
may benefit subsequent plant growth and provide resilience to
environmental stress. These studies have included a variety of plants
and endophytes (Irizarry and White, 2017; Verma et al., 2018; Fan
et al., 2020; Mellidou et al., 2021). Enhancing plant growth, stress
tolerance, and overall productivity using beneficial bacteria may be
important to expanding sustainable agriculture. Furthermore,
understanding plant-endophyte interactions may help mitigate
climate change effects on agrosystems and natural ecosystems
(Compant et al., 2021; de Vries et al., 2020).

The interactions between plant and endophyte(s) are complex.
Early work recognized the significance of understanding the initial
interactions between the plant and endophyte in establishing a
relationship that may improve plant growth and stress tolerance
(Hallmann et al.,, 1997; Preston, 2004). More recent reviews
emphasize the need for further research to understand the
dynamics of these early interactions (Pinski et al., 2019; Compant
et al,, 2021; de Vries et al,, 2020). Because of the significance of the
initial plant-endophyte interaction, we focused our study on early
seedling growth and response to endophytes. We chose Brassica
napus for several reasons: 1) canola is an economically important
crop (Card et al,, 2015; Rybakova et al., 2017); 2) seed germination
and measurable growth occur in a short time; and 3) as a member of
the Brassicaceae, canola is related to Arabidopsis thaliana which has
been intensively studied for decades as the first model plant. There
is today a well-documented mechanistic understanding of the
interaction of Arabidopsis with both pathogenic and
nonpathogenic bacteria, including to a lesser extent endophytic
bacteria (Millet et al., 2010; Zamioudis et al., 2013; Ortiz-Castro
et al,, 2014; Asari et al., 2017). Thus, this knowledge may provide
insight into molecular, biochemical, and/or physiological responses
of canola to endophytic bacteria.

Three different endophytes were used in this study. Each
endophyte (Bacillus amyloliquefaciens pbl, Pseudomonas
fluorescens SLB4, and Micrococcus luteus) was isolated from a
different plant host. Members of these three genera are widely
present in the seeds of diverse plant species (Taulé et al., 2021). Two
of the endophytes, Bacillus amyloliquefaciens pbl and Pseudomonas
fluorescens SLB4, have been shown to affect plant growth and
response to abiotic and biotic factors (Irizarry and White, 2017;
White et al., 2018b; Verma et al., 2018). A microscopic examination
indicated that Micrococcus luteus may also affect plant growth
(White et al., 2018b).

One of the initial responses of plants when exposed to endophytes
is an oxidative burst producing reactive oxygen species (ROS) such as
superoxide anion and hydrogen peroxide (Zhou et al, 2016;
Gerna et al, 2020). The endophyte and plant must control ROS
produced to prevent cellular damage. However, at the same time,
generated ROS may be involved in signaling between the endophyte
and plant and within the plant or endophyte itself (Pan et al,, 2019;
Gerna et al, 2020). In this study, we analyzed the nonenzymatic
antioxidants ascorbate and glutathione as part of the initial plant
response to exposure to the endophyte and ROS production.
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Ascorbate and glutathione are significant plant antioxidants
(Foyer and Noctor, 2011; Foyer and Kunert, 2024). Involvement of
enzymatic and nonenzymatic antioxidants in plant-endophyte
interactions has primarily focused on plants exposed to
environmental stress rather than the actual plant-endophyte
interaction itself under normal conditions. In our studies, we also
examined the ascorbate utilizing enzymes, ascorbate oxidase and
cytosolic ascorbate peroxidase, because of their essential roles in
modulating ascorbate and ROS (De Tullio et al,, 2013; Foyer et al.,
2020; Kaur et al,, 2021). Recently, the importance of ascorbate oxidase
and ascorbate peroxidase during the early stages of plant-pathogen
interactions has been demonstrated (Hu et al., 2022; Hong et al., 2023).

2 Materials and methods

2.1 Bacterial cultures and preparation for
seed inoculation

Bacterial cultures were routinely maintained on LB (Luria-
Bertani) plates at room temperature. Three different bacterial
species were used: Bacillus amyloliquefaciens pbl (GenBank
Accession # KX622565), Pseudomonas fluorescens SLB4 (GenBank
Accession # KX665565), Micrococcus luteus isolated from Solanum
esculentum cv. Beefsteak (J. F. White, pers. comm.).

Each bacterial culture was used to inoculate and establish an
overnight broth culture (LB) on a rotary shaker (100 rpm) at room
temperature. Aliquots from each overnight culture were pelleted
and washed 2X with sterile distilled water. After the second wash,
the pellets were resuspended in sterile distilled water. The ODggonm
of each bacterial suspension was recorded. A portion of the washed
and resuspended bacteria was serially diluted and plated. For seed
inoculation, Bacillus amyloliquefaciens and Micrococcus luteus were
each used at a concentration of 10”cfu/mL. Pseudomonas
fluorescens was used at a concentration of 10°cfu/mL. The cell
concentrations reflected the extent of overnight growth, and
concentrations were not adjusted to make them uniform since
different species were used.

2.2 Seed sterilization, treatment,
and growth

Seeds of Brassica napus cv. trophy were added to sterile 15 mL
conical tubes at a final volume of 1 mL of seeds per tube. Five mL of
10% Chlorox + 0.1% Tween 20 was added to each tube and shaken
for 5 min. The liquid was removed and replaced with 5 mL of 95%
ethanol. The tubes were shaken for 1 min. The seeds were
thoroughly washed 3X with sterile distilled water and dispensed
on plates that contained 1/2 MS Basal salts (pH 5.7 -5.8) + 0.8%
agarose. The seeds were positioned and spaced on each plate in a
single row, with approximately nine seeds comprising a row. Plates
with sown seeds were placed at 4°C for two days before bacterial
treatment. A preliminary experiment indicated that a two-day cold
treatment resulted in more uniform seed germination and growth.
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Under sterile conditions, 5 pL of washed bacterial suspension
was applied to each seed on a plate. For control plates, 5 uL of sterile
distilled water was applied to each seed on a plate. Replicate plates
(2-3) were used for each application (bacterial- treated and control)
and for each set of experiments. The plates were laid flat for 1 hour
to allow further absorption of the 5 pL droplets applied.
Subsequently, all plates were placed vertically under fluorescent
lights at ambient temperature. The lights were on a 16-hour light/8-
hour dark cycle at 92 umol m™ s'. Each of the three bacterial
species applied to seeds of Brassica napus had no effect on total seed
germination compared to controls after two days of incubation
(data not shown). After two days, all plates were scanned using a
flatbed scanner to produce digital images for subsequent growth
analysis. Growth measurements were done using Image]
(Schneider et al., 2012). Individual seedlings were gently removed
from the plates and placed in sterile microfuge tubes (3-4 seedlings
per tube). The fresh weight of each sample was recorded. All
samples were stored at -80°C until analyses.

2.3 Biochemical assays

All assays were done at room temperature using a Genesys 10S
UV-Vis spectrophotometer.

2.3.1 Ascorbate and glutathione

Seedling extracts were prepared using 1% metaphosphoric acid +
1 mM EDTA. The extract volume used was 1 mL/100 mg FW.
Seedlings were ground using microfuge pestles, and homogenates
were centrifuged at 14,000 rpm for 10 min. The supernatant of each
sample was stored in aliquots at -80°C until assay.

Ascorbate and dehydroascorbate (DHA) were determined
according to Luwe et al. (1993) with modification. Each 500 pL
assay consisted of 50 pL of extract and 450 pL of 100 mM sodium
phosphate buffer (pH 6.8). For ascorbate oxidation, 1 unit of
ascorbate oxidase (from Cucurbita sp.) was used for each 500 pL
assay. A second 500 uL assay was used for the reduction of DHA by
addition of dithiothreitol to a final concentration of 0.2 mM.
Absorbance was monitored at 265nm, and an extinction coefficient
of 14.3 mM™'em™ was used.

Analysis of glutathione (GSH) and oxidized glutathione (GSSG)
was based on the enzymatic recycling assay with modification (Griffith,
1980). Glutathione reductase, 5,5-dithiobis-2-nitrobenzoic acid
(DTNB), and NADPH were prepared in the assay buffer (100 mM
sodium phosphate (pH 7.5) and 5 mM EDTA). For total GSH, each 500
uL assay consisted of 250 or 275 pL of assay buffer, 100 pL 6 mM
DTNB, 25 or 50 ul sample extract or GSH standard, and 50 pL
glutathione reductase (1 unit from baker’s yeast). Each reaction was
initiated by adding 50 pL of 10 mM NADPH. The increase in
absorbance at 412nm was monitored at 30 s intervals for 5 min. A
second set of samples or standards were incubated with 2-vinylpyridine
(0.84% final concentration) for 1 hour at 25°C and then used to measure
GSSG as described for the total GTH assay. The difference between total
GTH and GSSG was used to determine reduced glutathione.
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Ascorbate oxidase and glutathione reductase were obtained
from Sigma-Aldrich.

2.3.2 Ascorbate oxidase and
ascorbate peroxidase

Soluble ascorbate oxidase and cytosolic ascorbate peroxidase
were assayed according to Wu et al. (2021) with minor
modifications. Extracts from frozen plant samples were prepared
as described above except that the homogenizing solution was 100
mM sodium phosphate buffer, pH 6.5. After grinding, samples were
centrifuged at 14,000 rpm for 5 minutes. The sample supernatants
were aliquoted into microfuge tubes.

The pellets remaining after homogenization of frozen plant
tissue were resuspended in 100 mM sodium phosphate buffer,
pH 6.5, containing 1 M NaCl at the same volume as the
initial extracts. The pellets were vigorously vortexed for 20 s,
followed by centrifugation at 14,000 rpm for 5 min., and transfer
of the supernatants to fresh tubes. These extracts represented
the ionically-bound ascorbate oxidase. All extracts were stored
at -80°C until assay.

Soluble and ionically-bound ascorbate oxidase activity was
determined by monitoring the decrease in absorbance at 265 nm
over 5 min. in an assay buffer of 100 mM sodium phosphate (pH
5.8), 0.5 mM EDTA, and 50 pM ascorbate. The reactions were
initiated by addition of sample extracts. The slope of the linear
portion of the change in absorbance over time was measured; an
extinction coefficient of 14 mM™cm™ was used to calculate activity.

Ascorbate peroxidase (cytosolic) was assayed in 100 mM
sodium phosphate (pH 6.8) and 0.12 mM ascorbate; the reaction
was initiated by adding 0.03% H,O, (v/v). Two or three replicates
were performed for each sample. Cytosolic ascorbate peroxidase
activity was determined by monitoring the decrease in absorbance
at 290 nm for 2 min. at room temperature. The slope of the linear
portion of the change in absorbance over time was determined, and
an extinction coefficient of 2.8 mM™'cm™ was used to determine
ascorbate peroxidase activity.

3 Results and discussion

3.1 Growth

Studies on the effects of endophytes on plant growth have
contributed to identifying some of the complex signals between
endophytes and plants. When comparing studies, however, the
following factors must be considered: bacterial strains used, mode
of bacterial inoculation, amount of bacterial inoculum (Ramirez
and Kloepper, 2010), timeframe of treatment with bacteria or co-
cultivation, procedure used for surface sterilization of seeds, plant
species/cultivars used (Rybakova et al., 2017), and stage of plant
growth used for analysis. Despite the variability of these factors,
some of the identified chemical cues commonly related to growth
effects are hormones. Hormonal effects on plant growth can be
subtle, variable, and time dependent.
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Hypocotyl and primary root growth in our experiments were
unaffected by treatment of Brassica napus seeds with Bacillus
amyloliquefaciens pbl (Bapbl) after two days of incubation
(Table 1). Root tip length was slightly increased in Bapbl treated
seedlings, but the increase was not statistically significant. Irizarry
and White (2017) reported increased germination and seedling
radicle length of Gossypium hirsutum (cotton) using Bapbl. This
specific bacterial strain was initially isolated from Thespesia
populnea, a member of the Malvaceae family which includes
cotton (Irizarry and White, 2017). The taxonomic relationship
between the plant source of the endophyte and cotton may have
enhanced endophyte colonization and growth of Gossypium
hirsutum relative to Brassica napus. This explanation would be
consistent with another study where several different strains of
Bacillus amyloliquefaciens isolated from Gossypium barbadense
(Sea Island cotton) had very low rates of colonization of Brassica
napus seedling roots (Reva et al, 2004). In contrast, Bacillus
amyloliquefaciens strain UCMB5113 isolated from soil and two
other isolates from Arabidopsis thaliana eftectively colonized
Brassica napus (Reva et al,, 2004). The authors suggested the
variability in colonization may be due to endophyte-host plant
specificity. A subsequent study that used two of the same Bacillus
amyloliquefaciens strains isolated from cotton and UCMB5113 as
Reva et al. (2004) found no effects on germination rates or overall
growth of Brassica napus by these strains (Danielsson et al., 2007).
The only growth parameter affected was that each endophytic strain
increased the number of plants that survived until seed set
compared to control plants (Danielsson et al, 2007). In contrast,
Asari et al. (2017) found that the length of primary roots of 11-day-
old Arabidopsis thaliana Col-0 seedlings were significantly
reduced when treated with Bacillus amyloliquefaciens UCMB5113.
An increase in the number of lateral roots and root hairs
accompanied the reduction of primary root length. These growth
effects were not only dependent on the amount of inoculum used
but were also time dependent. Only after three days of co-
cultivation of the endophyte with the seedling was there a gradual
reduction in primary root length and an increase in lateral root
production compared to untreated plants. Using various
experimental approaches, Asari et al. (2017) determined that
UCMB5113-treated seedlings had altered levels of endogenous
plant hormones such as auxin, cytokinins, gibberellins, and

TABLE 1 Growth parameters of two-day old Brassica napus seedlings
treated with Bacillus amyloliquefaciens pbl or untreated controls
(n = 22-46).

Structure Control Treated
Mean + (SEM) Mean + (SEM)
in mm in mm
Hypocotyl length 4.5 (0.3) 4.7 (0.2)
Primary root length 12.3 (0.6) 12.1 (0.6)
Root tip length 2.1(0.2) 2.6 (0.2)

Root tip length was determined by measuring from the tip of the root to the point where root
hairs first emerge on the primary root. The sample size reflects the combined results of two
independent experiments, with a total of 5-6 replicate plates for each endophyte treatment
and control.
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brassinosteroids compared to control seedlings. Interestingly, the
authors reported that UCMB5113 in culture could produce IAA
and cytokinins. [rizarry and White (2017) reported no tryptophan-
dependent TAA production with Bapbl cultures. However, their
analysis was limited, and the results were qualitative.

With Chinese cabbage, a member of the Brassicaceae, Ramirez
and Kloepper (2010) found that seven-day-old seedlings that had
been inoculated as seed with Bacillus amyloliquefaciens (FZB45)
and grown under gnotobiotic conditions had significantly longer
root lengths when compared to controls. This growth effect was
inoculum dose dependent. A lower amount of bacterial inoculum
significantly increased root length, whereas a higher amount did
not. This response may be due to the effects of indole acetic acid
(IAA) on root elongation (Ramirez and Kloepper, 2010). This strain
(FZB45) was capable of producing IAA in vitro.

Studies using Brassica napus and Micrococcus luteus have
primarily examined the effects of antimicrobial peptides produced
by B. napus on M. luteus as a Gram-positive test organism
(Cao et al,, 2015; Ke et al.,, 2015). Recently, Garcia-Cardenas et al.
(2022) examined the effects of a strain of Micrococcus luteus originally
isolated from maize roots on the growth of Arabidopsis thaliana Col-
0 seedlings. Similar to findings reported by Asari et al. (2017) (see
above), the growth effects were time dependent. The primary root
length was reduced after two days of co-cultivation, but the reduction
in root length was only statistically significant after three days of
growth under axenic conditions (Garcia-Cardenas et al., 2022). Their
results are consistent with the minor reductions in hypocotyl length,
primary root, and root tip length in Brassica napus treated with
Micrococcus luteus that we observed after a two-day growth period
and using a different method of bacterial application (Table 2).
However, the results were not statistically significant.

To determine if the effect of Micrococcus luteus (Ml) on root
growth may involve auxin, Garcia-Cardenas et al. (2022) used a
transgenic Arabidopsis line that contained an auxin-inducible
construct. When this line was co-cultivated with Ml, the construct
was strongly expressed in the primary root and root tip of seedlings
in physical contact with the bacterial inoculum compared to the
controls. Further examination indicated that root contact with the
bacteria significantly reduced the meristematic region of the root tip
and the cortical cell length in the elongation region (Garcia-
Cardenas et al., 2022). Reductions in the meristematic and/or

TABLE 2 Growth parameters of two-day old Brassica napus seedlings
treated with Micrococcus luteus or untreated controls (n = 39-57).

Treated
Mean + (SEM)
in mm

Structure Control

Mean + (SEM)
in mm

Hypocotyl length 7.0 (0.2) 6.6 (0.3)
Primary root length 15.3 (0.7) 13.8 (0.7)
Root tip length 3.3(0.2) 2.8 (0.2)

Root tip length was determined by measuring from the tip of the root to the point where root
hairs first emerge on the primary root. The sample size reflects the combined results of two
independent experiments, with a total of 5-6 replicate plates for each endophyte treatment
and control.
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elongation zones may account for the slight reduction in root
growth that we found in our studies. It is unknown if the MI
strain we used produces IAA.

In contrast to the other two endophytic species used in our
studies, Pseudomonas fluorescens SLB4 significantly enhanced root
tip and primary root length in Brassica napus during the two-day
incubation period (Table 3). Consistent with these results,
Verma et al. (2018) found that SLB4 enhanced the root and shoot
length of seven-day-old rice and Bermuda grass seedlings. Also,
White et al. (2018a) reported that SLB4 increased the root and shoot
length of Poa annua over 37 days compared to uninoculated plants.
ROS and/or auxin signaling, or mobilization of inorganic and
organic nutrients were suggested as possible factors affecting
seedling growth by interaction with SLB4 (Verma et al., 2018).

Another factor relevant to understanding the early growth
effects of Pseudomonas fluorescens on Brassica napus is bacterial
ACC (1-aminocyclopropane-1-carboxylic acid) deaminase activity.
In two reviews, Glick and colleagues proposed that bacterial ACC
deaminase activity is part of the key to PGPR (plant growth
promoting rhizobacteria) function in plant growth and in plant
responses to abiotic and biotic stresses (Glick, 2014; Gamalero et al.,
2023). This bacterial enzyme catalyzes the breakdown of the
ethylene precursor, ACC, to ammonia and alpha-ketobutyrate.
The result is reduced amounts of ACC, which, in turn, lowers the
levels of ethylene that may inhibit plant growth and responses to
environmental stress. This model is dependent on the plant exuding
ACC and the endophyte degrading ACC.

In support of the role of ACC deaminase activity on plant
growth, Wang et al. (2000) transformed a Pseudomonas fluorescens
strain that cannot use ACC as a nitrogen source with an ACC
deaminase gene and its regulatory region. The transformants then
grew on media containing ACC as the sole nitrogen source, evidence
that they now had ACC deaminase activity. Transformed
Pseudomonas fluorescens significantly increased the root length of
four-day-old canola seedlings compared to the non-transformed
strain. In another study, Penrose et al. (2001) found that canola
seeds treated with different bacteria with ACC deaminase activity
increased root length of 4.5-day-old canola seedlings. Upon further
analysis, the seedling roots had significantly lower ACC levels
than the controls. Similarly, seedlings from seeds treated with
the ethylene inhibitor aminoethoxyvinylglycine (AVG) had

TABLE 3 Growth parameters of two-day old Brassica napus seedlings
treated with Pseudomonas fluorescens SLB4 or untreated controls
(n = 36-48).

Structure Control Treated
Mean + (SEM) Mean + (SEM)
in mm in mm
Hypocotyl length 6.7 (0.3) 7.3 (0.3)
Primary root length 15.2 (0.5) ‘ 17.2 (0.7)*
Root tip length 2.9 (0.2) ‘ 3.6 (0.2)%*

Root tip length was determined by measuring from the tip of the root to the point where root
hairs first emerge on the primary root. The sample size reflects the combined results of two
independent experiments, with a total of 5-6 replicate plates for each endophyte treatment and
control. p-values are indicated when significantly different and were determined using an
unpaired two-tailed t-test (*0.03; **0.006).
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increased root length and reduced ACC compared to controls
(Penrose et al., 2001).

In an extensive study, Hynes et al. (2008) identified endophytic
isolates that phylogenetically clustered as Pseudomonas fluorescens
from peas, lentils, and chickpeas. Five of these isolates exhibited
ACC deaminase activity but showed no indole production. All five
isolates significantly increased the root length of seven-day-old
Brassica napus seedlings compared to uninoculated controls
under gnotobiotic conditions. Four other isolates, all negative for
ACC deaminase activity, did not enhance root elongation in canola.
However, one remaining isolate that exhibited ACC deaminase
activity had no effect on growth on canola. Overall, these studies
support the role of bacterial ACC deaminase, and (by logical
extension) ethylene, in regulating plant growth in certain
endophyte-plant interactions.

Other work using different strains of Pseudomonas fluorescens
(Pf) and different varieties or cultivars of Brassica napus reported
increases in seedling root length when treated with Pf (Sheng et al.,
2008; Pallai et al., 2012; Chlebek et al., 2020). Among these studies,
however, the Pf strains varied as to whether ACC deaminase was
present or not detected. These results are only partially consistent
with the role of ACC deaminase in affecting plant growth. Further
research is needed to determine whether ACC deaminase activity is
present in Pseudomonas fluorescens SLB4.

3.2 Ascorbate metabolism

Ascorbate is one of the major nonenzymatic antioxidants of
plant cells (Smirnoff, 2000; Foyer et al., 2020; Foyer and Kunert,
2024). When Brassica napus seeds were treated with three different
endophytes, a significant oxidation of seedling ascorbate occurred,
and the extent of ascorbate oxidation was similar regardless of the
bacterial species used (Figures 1A-F). In contrast, there was no
change in the total amount of ascorbate (ascorbate +
dehydroascorbate) between endophyte-treated seedlings and
controls (Figures 2A-C). Similar to the early stages of plant-
pathogen interactions, the ascorbate oxidation that was triggered
by three different endophytes in this research may be part of a
MAMP-like (microbe-associated molecular patterns) induced
response that includes the oxidative burst and initiates plant
immune responses. Earlier studies using plant cell suspension
cultures demonstrated that different types of molecules from non-
pathogenic rhizobacteria, including endophytes, can elicit an
oxidative burst (Gerber et al., 2004; Ortmann et al., 2006; van
Loon et al., 2008). The wide variety of bacterial molecules that can
cause the oxidative burst strongly suggests why the three different
bacterial species we used may trigger an oxidative burst, leading to
the same extent of ascorbate oxidation by the three endophytes. de
Pinto et al. (2003) showed that two different exopolysaccharides
(EPS) produced by two different pathogenic bacterial species caused
an increase in ascorbate oxidation in tobacco suspension-culture
cells, but the total cellular ascorbate pool (AsA + DHA) did not
change. The extent of the ascorbate oxidation was similar with the
different exopolysaccharides. The EPS-induced ascorbate changes
overlapped cellular peroxide increases (de Pinto et al, 2003).
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FIGURE 1

Ascorbate (A-C) and dehydroascorbate (D-F) levels in extracts prepared from two-day old Brassica napus seedlings treated with different endophytes
or untreated controls. Mean + SEM are indicated (n = 4-6). p-values are indicated when significantly different and were determined using an

unpaired two-tailed t-test.

Similarly, Ortmann et al. (2006) found that exopolysaccharides
from a non-pathogenic rhizobacterium triggered an oxidative burst
and peroxide release from plant suspension-culture cells.

The initial contact between endophyte and plant may be at the
cell wall/apoplast; therefore, we examined ascorbate oxidase (AO)
activity. Ascorbate oxidase is associated with the cell wall/apoplast,
but its activity and regulation are not well characterized (Smirnoff,
2000; De Tullio et al,, 2013; Foyer et al,, 2020). This enzyme
catalyzes the oxidation of ascorbate, reducing oxygen to water

and monodehydroascorbate (MDHA), which can dismutate to
dehydroascorbate (DHA) (Pignocchi and Foyer, 2003; Mellidou
and Kanellis, 2024). As is the case with other plants, Brassica napus
AO activity has not been characterized. Albani et al. (1992) isolated
a genomic clone that showed 30% amino acid sequence identity to
cucumber and pumpkin ascorbate oxidases upon analysis. Their
analysis indicated that this clone may have a different enzymatic
activity than other ascorbate oxidases, and it exhibited pollen-
specific expression. Batth et al. (2017) used this Brassica protein
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FIGURE 2

Total ascorbate levels (A-C) in extracts prepared from two-day old Brassica napus seedlings treated with different endophytes or untreated controls.

Mean + SEM are indicated (n = 4-6).
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sequence as part of a phylogenetic analysis of AO across diverse
genera. The Brassica sequence clustered with a rice gene (OsAAO3)
and a tobacco gene (NtAAQ?2), and all three sequences showed
significant divergence in protein sequence identity from other
ascorbate oxidase proteins (Batth et al., 2017).

Both Bapbl and Ml-treated seedlings exhibited reduced soluble
AO, while ionically bound (cell wall- associated) AO activity was
reduced in Bacillus and Pseudomonas-treated seedlings compared
to control seedlings (Figures 3A-F). In terms of total AO activity,
Bapbl treated seedlings had a significantly lower total AO activity as
compared to the controls, whereas Pseudomonas-treated seedlings,
the total activity was slightly reduced (Figures 4A-C). Yet, among
the endophyte-treated canola seedlings, there was still a level of AO
activity that may have been sufficient for the apoplastic ascorbate
oxidation that is required for subsequent ROS signaling
(Figures 3, 4).

Studies using transgenic and mutant plants with altered AO
activity have not provided a clearer understanding of the functional
role of the enzyme (Smirnoff, 2018). In an excellent review, Foyer
et al. (2020) pointed out that plant lines that highly overexpress or
suppress AO activity may result in a plant defense that is less
responsive and controlled. Furthermore, a finely regulated AO
activity that transiently results in apoplastic ascorbate oxidation
may enhance, in conjunction with the oxidative burst, the
production of ROS required for effective cell signaling and
defense (Foyer et al., 2020).

10.3389/fpls.2024.1480387

An example of finely regulated AO activity is the work by Hu
et al. (2022) on rice. This study identified an apoplastic effector,
MoAol, as an ascorbate oxidase produced by the rice fungal
pathogen Magnaporthe oryze. This fungal effector (MoAol) can
bind to and inhibit the enzymatic activity of rice ascorbate oxidase.
As part of their detailed study, Hu et al. (2022) isolated a fungal
mutant disrupted in the fungal AO gene (AMoAol) that could not
inhibit the plant AO activity. In plants where the fungal pathogen
AO was active as an effector (wild type) in reducing the plant AO
activity, the apoplastic redox status (AsA/AsA+DHA) remained
high at 12- and 24-hours post-inoculation. In contrast, in plants
inoculated with the pathogen in which the inhibitory fungal AO
activity (AMoAol) was disrupted, the plant apoplastic redox status
was low 12- and 24-hours post-inoculation because the plant AO
was active in oxidizing ascorbate in response to pathogen infection.
In the same study, both sets of infected plants showed a decline in
symplastic redox status over the course of 36 hours post-
inoculation. However, at 48 hours and 72 hours post-inoculation
with the wild type fungus that had inhibited rice AO, the symplastic
redox status continued to decline. At the same time, plants
inoculated with AMoAol seem to stabilize their symplastic redox
status at 48- and 72-hours post-inoculation. By interfering with or
reducing the plant’s AO activity, Magnoporthe is affecting the
apoplastic and symplastic redox states and, in turn, the plant
defense response, thus promoting infection. In another study,
Wu et al. (2017) identified a rice microRNA that negatively
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FIGURE 4

Total ascorbate oxidase activity (A-C) in extracts prepared from two-day old Brassica napus seedlings treated with different endophytes or untreated
controls. Mean + SEM are indicated (n = 7-8). p-value is indicated when significantly different and was determined using an unpaired two-tailed t-test.

affected rice AO expression. In response to viral infection, this
microRNA is sequestered. Both rice studies generally found that
reduced plant AO activity promoted viral or fungal infection. When
plant AO activity is inhibited, the level of ROS needed for cell
signaling and defense is disrupted.

Some endophytes may produce compounds that suppress
MAMP-like responses (Millet et al., 2010; Mavrodi et al., 2011).
Some of these compounds may be secreted to the extracellular space
to modulate the immune response and enhance colonization
(Teixeira et al.,, 2021). Based on our results, both Bacillus
amyloliquefaciens and Pseudomonas fluorescens elicited more of a
reduction in AO activity than Micrococcus Iuteus (Figures 3, 4). The
differences in altered AO activity dependent on the endophyte may
be due to some of these secreted molecules affecting plant AO
activity, similar to the rice-Magnaporthe interaction.

Peroxide will accumulate intracellularly as part of a pathogen or
elicitor-induced response(s) (Nietzel et al., 2019; Hong et al., 2023;
Arnaud et al, 2023). One efficient mechanism for regulating
peroxide levels is ascorbate peroxidase (APX). APX utilizes
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FIGURE 5

Ascorbate Peroxidase
(Pseudomonas fluorescens treated)

ascorbate as an electron donor and reduces peroxide to water and
MDHA, which can disproportionate to AsA and DHA (Smirnoff,
2000). We examined cytosolic ascorbate peroxidase activity.

Like ascorbate oxidase, APX has yet to be well characterized in
Brassica napus. Using the Arabidopsis APX genes as a reference,
Pan et al. (2022) identified 26 APX homologous genes in B. napus.
The large number of genes in B. napus may be due to the triploid
nature of its genome and possible duplications. The expression
levels of these different genes varied depending on the abiotic stress
(Pan et al,, 2022). Their work also suggested possible post-
translational regulation of APX activity. However, the regulation
of APX may be more complicated. Kaur et al. (2021) reported that
Arabidopsis cytosolic APX1 not only acted as peroxidase but also
could function as a chaperone molecule, depending on its structural
form. They also found that post-translational modifications could
alter the peroxidase activity.

We found no differences in ascorbate peroxidase activity
between endophyte-treated and control seedlings (Figures 5A-C).
Using an Arabidopsis Col-0 line that expressed a peroxide biosensor
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Ascorbate peroxidase activity (A-C) in extracts prepared from two-day old Brassica napus seedlings treated with different endophytes or untreated

controls. Mean + SEM are indicated (n = 7-8).
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FIGURE 6

Reduced (GSH) (A-C) and oxidized (GSSG) (D-F) glutathione in extracts prepared from two-day old Brassica napus seedlings treated with different

endophytes or untreated controls. Mean + SEM are indicated (n = 4-6).

(roGFP2-Orpl) in the cytosol, Arnaud et al. (2023) found the
bacterial elicitor, flagellin, triggered the intracellular oxidation of
roGFP2-Orpl in leaf discs, but no change in APX activity was
detected over the same time interval. Our results do not preclude
that other peroxide-scavenging enzymes may be operating.

As part of our study, we also examined glutathione, another
vital antioxidant in plant cells. The role of glutathione in
interactions between plants and beneficial microbes is
not well defined other than in nitrogen-fixing symbiosis
(Frendo et al., 2013). Generally, studies with elicitors or
pathogens result in glutathione accumulation, often with a shift
toward the oxidized form (Frendo et al., 2013; Noctor et al., 2024).
We detected no change in glutathione level or oxidation in
endophyte-treated seedlings (Figures 6A-F). These results would
indicate that, at least at this stage of the plant-endophyte
interaction, glutathione is not active in ascorbate regeneration nor
is it oxidized by ROS (Foyer and Noctor, 2011).

In summary, ascorbate not only is a major antioxidant in
regulating ROS levels, but it also acts as a cofactor in the
synthesis of various phytohormones (Smirnoff, 2018; De Tullio,
20205 Xiao et al., 2021). Ascorbate and ROS can interact with plant
hormones to affect plant growth and development (Ye et al., 2012;
Singh et al., 2024). Such endogenous plant interactions, in addition
to endophytic activity such as ACC deaminase and auxin
production, may contribute to the early seedling growth effects
that we found when seeds were treated with endophytes.

Frontiers in Plant Science

Ascorbate can also affect plant defense pathway activation (Pavet
et al,, 2005; Mukherjee et al,, 2010; Foyer et al., 2020). It is generally
thought that endophytes, like pathogens, need to evade or manipulate
plant defenses to enable colonization and increase in number
(Zamioudis and Pieterse, 2012; Liu et al., 2017). However,
endophytes may possibly initiate a moderate plant response relative
to pathogens. A moderate plant response would be consistent with
some of our results, such as no changes in glutathione or APX activity.
The moderate reduction in plant AO activity that we found mimics
the inhibitory effects of pathogens on AO activity (Hu et al., 2022). van
Loon et al. (2008) found that specific rhizobacterial elicitors triggered
the oxidative burst but did not result in cell death overtime in tobacco
suspension cells. In contrast, 50% of the cells treated with the
pathogenic fungal elicitor cryptogein resulted in cell death (van
Loon et al., 2008). Induced systemic resistance (ISR) in Arabidopsis
by the endophyte P. fluorescens WCS417r is thought to involve a
“moderate or localized stimulation of the jasmonate and ethylene
response” that was not sufficient for gene activation, including defense
genes (Pieterse et al., 1998).

Finally, perhaps the ascorbate oxidation that we found is the key
event in the initial interaction between endophytes and plants and
may lead to the priming of the plant for further response to
environmental stress. In terms of priming, some of the molecular
components thought to be required are mitogen-activated protein
kinases (MAPKs), which are involved with signal transduction and
chromatin modifications as they affect gene regulation (Conrath,
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2011; Conrath et al., 2015). ROS and ascorbate oxidation can affect
MAPKs (Kovtun et al., 2000; Pignocchi and Foyer, 2003; Pignocchi
et al., 2006; Pitzschke and Hirt, 2006). Also, several recent reviews
have indicated that ascorbate may affect epigenetic changes in
plants, although this has not been demonstrated in plants at this
time (Bellini and De Tullio, 2019; Xiao et al., 2021; Foyer and
Kunert, 2024). Therefore, it is quite possible that ascorbate
oxidation may be part of the priming mechanism in plants.

Data availability statement

The original contributions presented in the study are included
in the article/supplementary material. Further inquiries can be
directed to the corresponding author/s.

Author contributions

SJ-H: Writing — review & editing, Writing — original draft,
Investigation, Conceptualization. JW: Writing - review & editing,
Resources, Funding acquisition, Conceptualization.

References

Albani, D., Sardana, R., Robert, L. S., Altosaar, I, Arnison, P. G., and Fabijanski, S. F.
(1992). A Brassica napus gene family which shows sequence similarity to ascorbate
oxidase is expressed in developing pollen. Molecular characterization and analysis of
promoter activity in transgenic tobacco plants. Plant J. 2, 331-342. doi: 10.1046/j.1365-
313X.1992.t01-32-00999.x

Arnaud, D., Deeks, M. J., and Smirnoff, N. (2023). Organelle-targeted biosensors
reveal distinct oxidative events during pattern-triggered immune responses. Plant
Physiol. 191, 2551-2569. doi: 10.1093/plphys/kiac603

Asari, S., Tarkowska, D., Rol¢ik, J., Novak, O., Palmero, D. V., Bejai, S., et al. (2017).
Analysis of plant growth-promoting properties of Bacillus amyloliquefaciens
UCMB5113 using Arabidopsis thaliana as host plant. Planta 245, 15-30.
doi: 10.1007/s00425-016-2580-9

Batth, R, Singh, K., Kumari, S., and Mustafiz, A. (2017). Transcript profiling reveals
the presence of abiotic stress and developmental stage specific ascorbate oxidase genes
in plants. Front. Plant Sci. 8. doi: 10.3389/fpls.2017.00198

Bellini, E., and De Tullio, M. C. (2019). Ascorbic acid and ozone: Novel perspectives
to explain an elusive relationship. Plants 8, 122. doi: 10.3390/plants8050122

Cao, H,, Ke, T, Liu, R,, Yu, J., Dong, C., Cheng, M., et al. (2015). Identification of a
novel proline-rich antimicrobial peptide from Brassica napus. PloS One 10, e0137414.
doi: 10.1371/journal.pone.0137414

Card, S. D., Hume, D. E., Roodi, D., McGill, C. R., Millner, J. P., and Johnson, R. D.
(2015). Beneficial endophytic microorganisms of Brassica—A review. Biol. Control. 90,
102-112. doi: 10.1016/j.biocontrol.2015.06.001

Chlebek, D., Pinski, A., Zur, J., Michalska, J., and Hupert-Kocurek, K. (2020).
Genome mining and evaluation of the biocontrol potential of Pseudomonas fluorescens
BRZ63, a new endophyte of oilseed rape (Brassica napus L.) against fungal pathogens.
Int. J. Mol. Sci. 21, 8740. doi: 10.3390/ijms21228740

Compant, S., Cambon, M. C,, Vacher, C., Mitter, B., Samad, A., and Sessitsch, A.
(2021). The plant endosphere world-bacterial life within plants. Environ. Microbiol. 23,
1812-1829. doi: 10.1111/1462-2920.15240

Conrath, U. (2011). Molecular aspects of defence priming. Trends Plant Sci. 16, 524
531. doi: 10.1016/j.tplants.2011.06.004

Conrath, U., Beckers, G. J., Langenbach, C. J., and Jaskiewicz, M. R. (2015). Priming
for enhanced defense. Ann. Rev. Phytopathol. 53, 97-119. doi: 10.1146/annurev-phyto-
080614-120132

Danielsson, J., Reva, O., and Meijer, J. (2007). Protection of oilseed rape (Brassica
napus) toward fungal pathogens by strains of plant-associated Bacillus
amyloliquefaciens. Microb. Ecol. 54, 134-140. doi: 10.1007/500248-006-9181-2

Frontiers in Plant Science

10.3389/fpls.2024.1480387

Funding

The author(s) declare that no financial support was received for
the research, authorship, and/or publication of this article.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

de Pinto, M. C., Lavermicocca, P., Evidente, A., Corsaro, M. M., Lazzaroni, S., and De
Gara, L. (2003). Exopolysaccharides produced by plant pathogenic bacteria affect
ascorbate metabolism in Nicotiana tabacum. Plant Cell Physiol. 44, 803-810.
doi: 10.1093/pcp/pcgl05

De Tullio, M. C. (2020). Is ascorbic acid a key signaling molecule integrating the
activities of 2-oxoglutarate-dependent dioxygenases? Shifting the paradigm. Environ.
Exp. Bot. 178, 104173. doi: 10.1016/j.envexpbot.2020.104173

De Tullio, M., Guether, M., and Balestrini, R. (2013). Ascorbate oxidase is the
potential conductor of a symphony of signaling pathways. Plant Signal Behav. 8,
€23213. doi: 10.4161/psb.23213

de Vries, F. T., Griffiths, R. L, Knight, C. G., Nicolitch, O., and Williams, A. (2020).
Harnessing rhizosphere microbiomes for drought-resilient crop production. Science
368, 270-274. doi: 10.1126/science.aaz5192

Fan, D., Subramanian, S., and Smith, D. L. (2020). Plant endophytes promote growth
and alleviate salt stress in Arabidopsis thaliana. Sci. Rep. 10, 12740. doi: 10.1038/
541598-020-69713-5

Foyer, C. H., and Kunert, K. (2024). The ascorbate/glutathione cycle coming of age. J.
Exp. Bot. 75, 2682-2699. doi: 10.1093/jxb/erae023

Foyer, C. H., Kyndt, T., and Hancock, R. D. (2020). Vitamin C in plants: novel
concepts, new perspectives, and outstanding issues. Antioxid. Redox Signal. 32, 463—
485. doi: 10.1089/ars.2019.7819

Foyer, C. H., and Noctor, G. (2011). Ascorbate and glutathione: the heart of the redox
hub. Plant Physiol. 155, 2-18. doi: 10.1104/pp.110.167569

Frendo, P., Baldacci-Cresp, F., Benyamina, S. M., and Puppo, A. (2013). Glutathione
and plant response to the biotic environment. Free Rad. Biol. Med. 65, 724-730.
doi: 10.1016/j.freeradbiomed.2013.07.035

Gamalero, E., Lingua, G., and Glick, B. R. (2023). Ethylene, ACC, and the plant
growth-promoting enzyme ACC deaminase. Biology 12, 1043. doi: 10.3390/
biology12081043

Garcia-Cardenas, E., Ortiz-Castro, R., Ruiz-Herrera, L. F., Valencia-Cantero, E., and
Lopez-Bucio, J. (2022). Micrococcus luteus LS570 promotes root branching in
Arabidopsis via decreasing apical dominance of the primary root and an enhanced
auxin response. Protoplasma 259, 1139-1155. doi: 10.1007/s00709-021-01724-z

Gerber, 1. B., Zeidler, D., Durner, J., and Dubery, I. A. (2004). Early perception
responses of Nicotiana tabacum cells in response to lipopolysaccharides from
Burkholderia cepacia. Planta 218, 647-657. doi: 10.1007/s00425-003-1142-0

Gerna, D., Roach, T., Mitter, B., Stoggl, W., and Kranner, I. (2020). Hydrogen
peroxide metabolism in interkingdom interaction between bacteria and wheat seeds

frontiersin.org


https://doi.org/10.1046/j.1365-313X.1992.t01-32-00999.x
https://doi.org/10.1046/j.1365-313X.1992.t01-32-00999.x
https://doi.org/10.1093/plphys/kiac603
https://doi.org/10.1007/s00425-016-2580-9
https://doi.org/10.3389/fpls.2017.00198
https://doi.org/10.3390/plants8050122
https://doi.org/10.1371/journal.pone.0137414
https://doi.org/10.1016/j.biocontrol.2015.06.001
https://doi.org/10.3390/ijms21228740
https://doi.org/10.1111/1462-2920.15240
https://doi.org/10.1016/j.tplants.2011.06.004
https://doi.org/10.1146/annurev-phyto-080614-120132
https://doi.org/10.1146/annurev-phyto-080614-120132
https://doi.org/10.1007/s00248-006-9181-2
https://doi.org/10.1093/pcp/pcg105
https://doi.org/10.1016/j.envexpbot.2020.104173
https://doi.org/10.4161/psb.23213
https://doi.org/10.1126/science.aaz5192
https://doi.org/10.1038/s41598-020-69713-5
https://doi.org/10.1038/s41598-020-69713-5
https://doi.org/10.1093/jxb/erae023
https://doi.org/10.1089/ars.2019.7819
https://doi.org/10.1104/pp.110.167569
https://doi.org/10.1016/j.freeradbiomed.2013.07.035
https://doi.org/10.3390/biology12081043
https://doi.org/10.3390/biology12081043
https://doi.org/10.1007/s00709-021-01724-z
https://doi.org/10.1007/s00425-003-1142-0
https://doi.org/10.3389/fpls.2024.1480387
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Jones-Held and White

and seedlings. Mol. Plant Microbe Interact. 33, 336-348. doi: 10.1094/MPMI-09-19-
0248-R

Glick, B. R. (2014). Bacteria with ACC deaminase can promote plant growth and
help to feed the world. Microbiol. Res. 169, 30-39. doi: 10.1016/j.micres.2013.09.009

Griffith, O. W. (1980). Determination of glutathione and glutathione disulfide using
glutathione reductase and 2-vinylpyridine. Anal. Biochem. 106, 207-212. doi: 10.1016/
0003-2697(80)90139-6

Hallmann, J., Quadt-Hallmann, A., Mahaffee, W., and Kloepper, J. (1997). Bacterial
endophytes in agricultural crops. Can. J. Microb. 43, 895-914. doi: 10.1139/m97-131

Hong, X, Qi, F., Wang, R, Jia, Z, Lin, F,, Yuan, M, et al. (2023). Ascorbate
peroxidase 1 allows monitoring of cytosolic accumulation of effector-triggered reactive
oxygen species using a luminol-based assay. Plant Physiol. 191, 1416-1434.
doi: 10.1093/plphys/kiac551

Hu, J., Liu, M., Zhang, A., Dai, Y., Chen, W., Chen, F,, et al. (2022). Co-evolved plant
and blast fungus ascorbate oxidases orchestrate the redox state of host apoplast to
modulate rice immunity. Mol. Plant 15, 1347-1366. doi: 10.1016/j.molp.2022.07.001

Hynes, R. K., Leung, G. C,, Hirkala, D. L., and Nelson, L. M. (2008). Isolation,
selection, and characterization of beneficial rhizobacteria from pea, lentil, and chickpea
grown in western Canada. Can. J. Microb. 54, 248-258. doi: 10.1139/W08-008

Irizarry, I, and White, J. (2017). Application of bacteria from non-cultivated plants
to promote growth, alter root architecture and alleviate salt stress of cotton. J. Appl.
Microbiol. 122, 1110-1120. doi: 10.1111/jam.13414

Kaur, S., Prakash, P., Bak, D.-H., Hong, S. H., Cho, C., Chung, M.-S,, et al. (2021).
Regulation of dual activity of ascorbate peroxidase 1 from Arabidopsis thaliana by
conformational changes and posttranslational modifications. Front. Plant Sci. 12.
doi: 10.3389/fpls.2021.678111

Ke, T., Cao, H., Huang, J., Hu, F., Huang, J., Dong, C,, et al. (2015). EST-based in
silico identification and in vitro test of antimicrobial peptides in Brassica napus. BMC
Genomics 16, 1-10. doi: 10.1186/s12864-015-1849-x

Kovtun, Y., Chiu, W.-L,, Tena, G., and Sheen, J. (2000). Functional analysis of
oxidative stress-activated mitogen-activated protein kinase cascade in plants. Proc.
Natl. Acad. Sci. 97, 2940-2945. doi: 10.1073/pnas.97.6.2940

Liu, H., Carvalhais, L. C., Crawford, M., Singh, E., Dennis, P. G., Pieterse, C. M., et al.
(2017). Inner plant values: diversity, colonization, and benefits from endophytic
bacteria. Front. Microbiol. 8. doi: 10.3389/fmicb.2017.02552

Luwe, M. W, Takahama, U., and Heber, U. (1993). Role of ascorbate in detoxifying
ozone in the apoplast of spinach (Spinacia oleracea L.) leaves. Plant Physiol. 101, 969-
976. doi: 10.1104/pp.101.3.969

Mavrodi, D. V., Joe, A., Mavrodi, O. V., Hassan, K. A., Weller, D. M., Paulsen, L. T.,
et al. (2011). Structural and functional analysis of the type III secretion system from
Pseudomonas fluorescens Q8r1-96. J. Bact. 193, 177-189. doi: 10.1128/jb.00895-10

Mellidou, I., Ainalidou, A., Papadopoulou, A., Leontidou, K., Genitsaris, S.,
Karagiannis, E., et al. (2021). Comparative transcriptomics and metabolomics reveal
an intricate priming mechanism involved in PGPR-mediated salt tolerance in tomato.
Front. Plant Sci. 12, 713984. doi: 10.3390/genes12050694

Mellidou, I., and Kanellis, A. K. (2024). Revisiting the role of ascorbate oxidase in
plant systems. J. Exp. Bot. 75, 2740-2753. doi: 10.1093/jxb/erae058

Millet, Y. A., Danna, C. H,, Clay, N. K,, Songnuan, W., Simon, M. D., Werck-
Reichhart, D, et al. (2010). Innate immune responses activated in Arabidopsis roots by
microbe-associated molecular patterns. Plant Cell 22, 973-990. doi: 10.1105/
tpc.109.069658

Mukherjee, M., Larrimore, K. E., Ahmed, N. J., Bedick, T. S., Barghouthi, N. T., Traw,
M. B, et al. (2010). Ascorbic acid deficiency in Arabidopsis induces constitutive
priming that is dependent on hydrogen peroxide, salicylic acid, and the NPRI gene.
Mol. Plant-Microbe Interact. 23, 340-351. doi: 10.1094/MPMI-23-3-0340

Nietzel, T., Elsdsser, M., Ruberti, C., Steinbeck, J., Ugalde, J. M., Fuchs, P., et al.
(2019). The fluorescent protein sensor roGFP 2-Orpl monitors in vivo H,O, and thiol
redox integration and elucidates intracellular H,O, dynamics during elicitor-induced
oxidative burst in Arabidopsis. New Phytol. 221, 1649-1664. doi: 10.1111/nph.15550

Noctor, G., Cohen, M., Trémulot, L., Chétel-Innocenti, G., Van Breusegem, F., and
Mhamdi, A. (2024). Glutathione: a key modulator of plant defence and metabolism
through multiple mechanisms. J. Exp. Bot. 75 (15), 4549-4572. doi: 10.1093/jxb/erae194

Ortiz-Castro, R., Pelagio-Flores, R., Méndez-Bravo, A., Ruiz-Herrera, L. F., Campos-
Garcla, J., and Lopez-Bucio, J. (2014). Pyocyanin, a virulence factor produced by
Pseudomonas aeruginosa, alters root development through reactive oxygen species and
ethylene signaling in Arabidopsis. Mol. Plant-Microbe Interact. 27, 364-378.
doi: 10.1094/MPMI-08-13-0219-R

Ortmann, I, Conrath, U., and Moerschbacher, B. M. (2006). Exopolysaccharides of
Pantoea agglomerans have different priming and eliciting activities in suspension-
cultured cells of monocots and dicots. FEBS Lett. 580, 4491-4494. doi: 10.1016/
j.febslet.2006.07.025

Pallai, R., Hynes, R. K., Verma, B., and Nelson, L. M. (2012). Phytohormone
production and colonization of canola (Brassica napus L.) roots by Pseudomonas
fluorescens 6-8 under gnotobiotic conditions. Can. J. Microbiol. 58, 170-178.
doi: 10.1139/w11-120

Pan, G., Zhang, H., Chen, B., Gao, S., Yang, B., and Jiang, Y.-Q. (2019). Rapeseed
calcium-dependent protein kinase CPK6L modulates reactive oxygen species and cell

Frontiers in Plant Science

11

10.3389/fpls.2024.1480387

death through interacting and phosphorylating RBOHD. Biochem. Biophys. Res.
Commun. 518, 719-725. doi: 10.1016/j.bbrc.2019.08.118

Pan, J., Zhang, L., Chen, M., Ruan, Y., Li, P., Guo, Z, et al. (2022). Identification and
characterizing of APX genes provide new insights in abiotic stresses response in
Brassica napus. Peer] 10, e13166. doi: 10.7717/peerj.13166

Pavet, V., Olmos, E., Kiddle, G., Mowla, S., Kumar, S., Antoniw, J., et al. (2005).
Ascorbic acid deficiency activates cell death and disease resistance responses in
Arabidopsis. Plant Physiol. 139, 1291-1303. doi: 10.1104/pp.105.067686

Penrose, D. M., Moffatt, B. A., and Glick, B. R. (2001). Determination of 1-
aminocycopropane-1-carboxylic acid (ACC) to assess the effects of ACC deaminase-
containing bacteria on roots of canola seedlings. Can. J. Microbiol. 47, 77-80.
doi: 10.1139/w00-128

Pieterse, C. M., Van Wees, S. C., Van Pelt, J. A., Knoester, M., Laan, R., Gerrits, H.,
et al. (1998). A novel signaling pathway controlling induced systemic resistance in
Arabidopsis. Plant Cell 10, 1571-1580. doi: 10.1105/tpc.10.9.1571

Pignocchi, C., and Foyer, C. H. (2003). Apoplastic ascorbate metabolism and its role
in the regulation of cell signaling. Curr. Opin. Plant Biol. 6, 379-389. doi: 10.1016/
$1369-5266(03)00069-4

Pignocchi, C,, Kiddle, G., Hernandez, L., Foster, S. J., Asensi, A., Taybi, T., et al. (2006).
Ascorbate oxidase-dependent changes in the redox state of the apoplast modulate gene
transcript accumulation leading to modified hormone signaling and orchestration of
defense processes in tobacco. Plant Physiol. 141, 423-435. doi: 10.1104/pp.106.078469

Pinski, A., Betekhtin, A., Hupert-Kocurek, K., Mur, L. A., and Hasterok, R. (2019).
Defining the genetic basis of plant-endophytic bacteria interactions. Int. J. Mol. Sci. 20,
1947. doi: 10.3390/ijms20081947

Pitzschke, A., and Hirt, H. (2006). Mitogen-activated protein kinases and reactive
oxygen species signaling in plants. Plant Physiol. 141, 351-356. doi: 10.1104/
Pp.106.079160

Preston, G. M. (2004). Plant perceptions of plant growth-promoting Pseudomonas.
Philos. Trans. R. Soc Lond. B. Biol. Sci. 359, 907-918. doi: 10.1098/rstb.2003.1384

Ramirez, C. A., and Kloepper, J. W. (2010). Plant growth promotion by Bacillus
amyloliquefaciens FZB45 depends on inoculum rate and P-related soil properties. Biol.
Fertil. Soils. 46, 835-844. doi: 10.1007/s00374-010-0488-2

Reva, O. N., Dixelius, C., Meijer, J., and Priest, F. G. (2004). Taxonomic
characterization and plant colonizing abilities of some bacteria related to Bacillus
amyloliquefaciens and Bacillus subtilis. FEMS Microbiol. Ecol. 48, 249-259.
doi: 10.1016/j.femsec.2004.02.003

Rybakova, D., Mancinelli, R., Wikstrom, M., Birch-Jensen, A.-S., Postma, J., Ehlers,
R.-U,, et al. (2017). The structure of the Brassica napus seed microbiome is cultivar-
dependent and affects the interactions of symbionts and pathogens. Microbiome 5, 1-
16. doi: 10.1186/s40168-017-0310-6

Schneider, C. A., Rasband, W. S., and Eliceiri, K. W. (2012). NIH Image to Image]J: 25
years of image analysis. Nat. Methods 9, 671-675. doi: 10.1038/nmeth.2089

Sheng, X.-F,, Xia, J.-].,, Jiang, C.-Y., He, L.-Y., and Qian, M. (2008). Characterization
of heavy metal-resistant endophytic bacteria from rape (Brassica napus) roots and their
potential in promoting the growth and lead accumulation of rape. Environ. pollut. 156,
1164-1170. doi: 10.1016/j.envpol.2008.04.007

Singh, R. R., Demeestere, K., and Kyndt, T. (2024). Ascorbate oxidation stimulates
rice root growth via effects on auxin and abscisic acid levels. Plant Growth Regul. 103,
151-163. doi: 10.1007/510725-023-01096-9

Smirnoff, N. (2000). Ascorbic acid: metabolism and functions of a multi-faceted
molecule. Curr. Opin. Plant Biol. 3, 229-235. doi: 10.1016/S1369-5266(00)80070-9

Smirnoff, N. (2018). Ascorbic acid metabolism and functions: A comparison of
plants and mammals. Free Radic. Biol. Med. 122, 116-129. doi: 10.1016/
j.freeradbiomed.2018.03.033

Taule, C., Vaz-Jauri, P., and Battistoni, F. (2021). Insights into the early stages of
plant-endophytic bacteria interaction. World J. Microbiol. Biotechnol. 37, 1-9.
doi: 10.1007/s11274-020-02966-4

Teixeira, P. J., Colaianni, N. R,, Law, T. F., Conway, J. M., Gilbert, S., Li, H., et al.
(2021). Specific modulation of the root immune system by a community of commensal
bacteria. Proc. Natl. Acad. Sci. 118, €2100678118. doi: 10.1073/pnas.2100678118

van Loon, L. C,, Bakker, P. A, van der Heijdt, W. H., Wendehenne, D., and Pugin, A.
(2008). Early responses of tobacco suspension cells to rhizobacterial elicitors of induced
systemic resistance. Mol. Plant-Microbe Interact. 21, 1609-1621. doi: 10.1094/MPMI-
21-12-1609

Verma, S. K., Kingsley, K. L., Bergen, M. S., Kowalski, K. P., and White, J. F. (2018).
Fungal disease prevention in seedlings of rice (Oryza sativa) and other grasses by
growth-promoting seed-associated endophytic bacteria from invasive Phragmites
australis. Microorganisms 6, 21. doi: 10.3390/microorganisms6010021

Wang, C., Knill, E,, Glick, B. R, and Défago, G. (2000). Effect of transferring 1-
aminocyclopropane-1-carboxylic acid (ACC) deaminase genes into Pseudomonas
fluorescens strain CHAO and its gac A derivative CHA96 on their growth-promoting
and disease-suppressive capacities. Can. J. Microbiol. 46, 898-907. doi: 10.1139/w00-071

White, J. F., Kingsley, K. I., Kowalski, K. P., Irizarry, L., Micci, A., Soares, M. A, et al.
(2018a). Disease protection and allelopathic interactions of seed-transmitted
endophytic pseudomonads of invasive reed grass (Phragmites australis). Plant Soil
422, 195-208. doi: 10.1007/s11104-016-3169-6

frontiersin.org


https://doi.org/10.1094/MPMI-09-19-0248-R
https://doi.org/10.1094/MPMI-09-19-0248-R
https://doi.org/10.1016/j.micres.2013.09.009
https://doi.org/10.1016/0003-2697(80)90139-6
https://doi.org/10.1016/0003-2697(80)90139-6
https://doi.org/10.1139/m97-131
https://doi.org/10.1093/plphys/kiac551
https://doi.org/10.1016/j.molp.2022.07.001
https://doi.org/10.1139/W08-008
https://doi.org/10.1111/jam.13414
https://doi.org/10.3389/fpls.2021.678111
https://doi.org/10.1186/s12864-015-1849-x
https://doi.org/10.1073/pnas.97.6.2940
https://doi.org/10.3389/fmicb.2017.02552
https://doi.org/10.1104/pp.101.3.969
https://doi.org/10.1128/jb.00895-10
https://doi.org/10.3390/genes12050694
https://doi.org/10.1093/jxb/erae058
https://doi.org/10.1105/tpc.109.069658
https://doi.org/10.1105/tpc.109.069658
https://doi.org/10.1094/MPMI-23-3-0340
https://doi.org/10.1111/nph.15550
https://doi.org/10.1093/jxb/erae194
https://doi.org/10.1094/MPMI-08-13-0219-R
https://doi.org/10.1016/j.febslet.2006.07.025
https://doi.org/10.1016/j.febslet.2006.07.025
https://doi.org/10.1139/w11-120
https://doi.org/10.1016/j.bbrc.2019.08.118
https://doi.org/10.7717/peerj.13166
https://doi.org/10.1104/pp.105.067686
https://doi.org/10.1139/w00-128
https://doi.org/10.1105/tpc.10.9.1571
https://doi.org/10.1016/S1369-5266(03)00069-4
https://doi.org/10.1016/S1369-5266(03)00069-4
https://doi.org/10.1104/pp.106.078469
https://doi.org/10.3390/ijms20081947
https://doi.org/10.1104/pp.106.079160
https://doi.org/10.1104/pp.106.079160
https://doi.org/10.1098/rstb.2003.1384
https://doi.org/10.1007/s00374-010-0488-2
https://doi.org/10.1016/j.femsec.2004.02.003
https://doi.org/10.1186/s40168-017-0310-6
https://doi.org/10.1038/nmeth.2089
https://doi.org/10.1016/j.envpol.2008.04.007
https://doi.org/10.1007/s10725-023-01096-9
https://doi.org/10.1016/S1369-5266(00)80070-9
https://doi.org/10.1016/j.freeradbiomed.2018.03.033
https://doi.org/10.1016/j.freeradbiomed.2018.03.033
https://doi.org/10.1007/s11274-020-02966-4
https://doi.org/10.1073/pnas.2100678118
https://doi.org/10.1094/MPMI-21-12-1609
https://doi.org/10.1094/MPMI-21-12-1609
https://doi.org/10.3390/microorganisms6010021
https://doi.org/10.1139/w00-071
https://doi.org/10.1007/s11104-016-3169-6
https://doi.org/10.3389/fpls.2024.1480387
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Jones-Held and White

White, J. F., Kingsley, K. L., Verma, S. K., and Kowalski, K. P. (2018b). Rhizophagy
cycle: an oxidative process in plants for nutrient extraction from symbiotic microbes.
Microorganisms 6, 95. doi: 10.3390/microorganisms6030095

Wu, L.-B,, Feng, Y., Zeibig, F., Alam, M. S., and Frei, M. (2021). High throughput
analyses of ascorbate-turnover enzyme activities in rice (Oryza sativa L.) seedlings. Bio-
Protocol 11, e4190-e4190. doi: 10.21769/BioProtoc.4190

Wu, J., Yang, R, Yang, Z, Yao, S., Zhao, S., Wang, Y., et al. (2017). ROS
accumulation and antiviral defence control by microRNA528 in rice. Nat. Plants 3,
1-7. doi: 10.1038/nplants.2016.203

Xiao, M., Li, Z., Zhu, L., Wang, J., Zhang, B., Zheng, F,, et al. (2021). The multiple
roles of ascorbate in the abiotic stress response of plants: Antioxidant, cofactor, and
regulator. Front. Plant Sci. 12. doi: 10.3389/fpls.2021.598173

Frontiers in Plant Science

12

10.3389/fpls.2024.1480387

Ye, N,, Zhu, G, Liu, Y., Zhang, A, Li, Y., Liu, R, et al. (2012). Ascorbic acid and
reactive oxygen species are involved in the inhibition of seed germination by abscisic
acid in rice seeds. J. Exp. Bot. 63, 1809-1822. doi: 10.1093/jxb/err336

Zamioudis, C., Mastranesti, P., Dhonukshe, P., Blilou, L, and Pieterse, C. M. (2013).
Unraveling root developmental programs initiated by beneficial Pseudomonas spp.
bacteria. Plant Physiol. 162, 304-318. doi: 10.1104/pp.112.212597

Zamioudis, C., and Pieterse, C. M. (2012). Modulation of host immunity by beneficial
microbes. Mol. Plant-Microbe Interact. 25, 139-150. doi: 10.1094/MPMI-06-11-0179

Zhou, J.-Y., Yuan, J., Li, X,, Ning, Y.-F,, and Dai, C.-C. (2016). Endophytic
bacterium-triggered reactive oxygen species directly increase oxygenous

sesquiterpenoid content and diversity in Atractylodes lancea. Appl. Environ.
Microbiol. 82, 1577-1585. doi: 10.1128/AEM.03434-15

frontiersin.org


https://doi.org/10.3390/microorganisms6030095
https://doi.org/10.21769/BioProtoc.4190
https://doi.org/10.1038/nplants.2016.203
https://doi.org/10.3389/fpls.2021.598173
https://doi.org/10.1093/jxb/err336
https://doi.org/10.1104/pp.112.212597
https://doi.org/10.1094/MPMI-06-11-0179
https://doi.org/10.1128/AEM.03434-15
https://doi.org/10.3389/fpls.2024.1480387
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Effects of endophytes on early growth and ascorbate metabolism in Brassica napus
	1 Introduction
	2 Materials and methods
	2.1 Bacterial cultures and preparation for seed inoculation
	2.2 Seed sterilization, treatment, and growth
	2.3 Biochemical assays
	2.3.1 Ascorbate and glutathione
	2.3.2 Ascorbate oxidase and ascorbate peroxidase


	3 Results and discussion
	3.1 Growth
	3.2 Ascorbate metabolism

	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References


