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Molecular imaging of plant-microbe interactions on the 
Brachypodium seed surface
Yuchen Zhanga, Rachel Komoreka, Jiyoung Sona, Shawn Riechersa, Zihua Zhub, Janet Janssonc, 
Christer Janssonb and Xiao-Ying Yu*a

Plant growth-promoting rhizobacteria (PGPR) play a crucial role in biological control and pathogenic defense on and within 
plant tissues, however the mechanism(s) by which plants associate with PGPR to elicit such beneficial effects needs further 
study.  Here, we present time-of-flight secondary ion mass spectrometry (ToF-SIMS) imaging of Brachypodium distachyon 
(Brachypodium) seeds with and without exposure to two model PGPR, i.e., Gram-negative Pseudomonas fluorescens SBW25 
(P.) and Gram-positive Arthrobacter chlorophenolicus A6 (A.). Delayed image extraction was used to image PGPR-treated 
seed sections to reveal morphological changes.  ToF-SIMS spectral comparison, principal component analysis (PCA), and 
two-dimensional (2D) imaging show that the selected PGPR have different effects on the host seed surface, resulting in 
changes in chemical composition and morphology.  Metabolite products and biomarkers, such as flavonoids, phenolic 
compounds, fatty acids, and indole-3-acetic acid (IAA), were identified on the PGPR-treated seed surfaces. These compounds 
have different distributions on the Brachypodium seed surface for the two PGPR, indicating that the different bacteria elicite 
distinct responses from the host.  Our results illustrate that ToF-SIMS is an effective tool to study plant-microbe interactions 
and to provide insightful information with submicrometer lateral resolution of the chemical distributions associated with 
morphological features, potentially offering a new way to study the mechanisms underlying beneficial roles of PGPR.

Introduction
Plant growth-promoting rhizo bacteria (PGPR) are known to 
support plant growth and fitness 1, 2 and their utilization in 
agricultural practice is an attractive strategy for sustainable 
enhancement of crop productivity.3  Accordingly, investigations 
of the mechanisms underlying the beneficial properties of PGPR 
for plant growth promotion are needed.  PGPR are known to 
affect plant growth by moderating plant hormone indole acetic 
acid (IAA).  IAA is a common plant-derived auxin and can also be 
synthesized by some PGPR, including some pseudomonads.4-6  
However, details of the metabolic interactions that occur 
between plants and specific PGPR at the microscopic scale are 
still lacking.7 

Several new molecular-scale imaging platforms show 
promise for high resolution characterization of specific 
metabolic and spatial interactions between PGPR and plant 
surfaces.  Mass spectrometric imaging, including desorption 
electrospray ionization mass spectrometry (DESI-MS), laser 
ablation electrospray ionization mass spectrometry (LAESI-MS), 
matrix-assisted laser desorption ionization mass spectrometry 

(MALDI-MS), and secondary ion mass spectrometry (SIMS) 8, 
provide molecular-level imaging and information on chemical 
spatial distributions on the surface of plant samples.9, 10  DESI 
and LAESI are ambient ionization techniques, in which samples 
are analyzed under ambient pressure with supermicrometer 
lateral resolution.  DESI-MS has been used to detect molecular 
signatures on leaf and flower surfaces.11  LAESI has been 
combined with ion mobility separation (IMS) to distinguish 
structurally dissimilar isomers and conformers in leaves.  MALDI 
can detect larger ions, such as peptides and proteins; and it has 
been used to analyze the distribution of metabolites, such as 
amino acids, sugars and phosphorylated metabolites on the 
plant surface.12  MALDI and other omics approaches have also 
been used to study protein-mediated lignan and cyanogenic 
glucoside formation in plants.13

Compared to MALDI-MS, time-of-flight secondary ion mass 
spectrometry (ToF-SIMS) does not depend on the matrix 
application to enable detection.14  Meanwhile, the lateral 
resolution of ToF-SIMS is about ~0.2 µm, offering much higher 
spatial resolution than MALDI-MS, DESI-MS, or LASEI-MS.15  
Thus, single-cell metabolomics is possible with ToF-SIMS, 
because it offers submicrometer spatial resolution.16  For 
example, flavonoids have been mapped using ToF-SIMS in peas 
and Arabidopsis thaliana.17  The spatial resolution in MALDI-MS 
is generally in the range of several micrometers and in DESI-MS 
and LAESI-MS tens to hundreds micrometers.18, 19  We recently 
applied correlative imaging of Brachypodium and Pseudomonas 
fluorescens SBW25 to showcase the use of ToF-SIMS.20    
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Fig. 1. Schematics of seed sample preparation. (a) Brachypodium seeds were divided into three segments: top, bottom and brush. Three treatments were performed on 
Brachypodium seeds including DI water control, P.- and A.-treated seed. Prior to ToF-SIMS analysis, PGPR-treated Brachypodium seeds were cut into three segments (b), then secured 
in sample holders (c) and placed in the ToF-SIMS main stage (d). (e) A representative ToF-SIMS negative spectrum of the P.-treated seed in m/z− 100-400 and (f) representative ToF-
SIMS negative 2D total ion images of PGPR-treated seeds.

Brachypodium is an important model for grasses, including 
bioenergy crops and cereals.1  We aimed to elucidate specific 
plant-microbe interactions by utilizing the multimodal imaging 
capability of ToF-SIMS in this work.  ToF-SIMS is useful to obtain 
more information on plant surface metabolic interactions 
between PGPR and the host plant.

Although ToF-SIMS is perceived as a powerful imaging 
technique, its application in plant biology is not as popular 
compared to MALDI.21  The interactions of a model biofuel 
feedstock, Brachypodium, with two types of PGPR, Gram-
negative Pseudomonas fluorescens SW25 (P.) and Gram-
positive Arthrobacter chlorophenolicus A6 (A.), 22, 23 were 
chemically imaged using ToF-SIMS in this work.  Moreover, 
delayed image extraction mode was used to improve the mass 
resolution while preserving the spatial resolution during 
imaging, 24, 25 allowing for enhanced mass resolution by 
extracting secondary ions from the sample surface with a 
specific time delay after the arrival of primary ions.26  The 
delayed image extraction mode has been applied in MALDI and 
ToF-SIMS imaging as a promising strategy.27-29  We 
hypothesized that the Gram-positive A. and Gram-negative P. 
would exert distinct effects on the seed surface of the 
Brachypodium plant host.  Second, we postulated that 
responses in the host should vary along seed sections due to the 
difference in growth potential.  Our findings provide valuable 

biological insights into metabolites and biomarkers in plant-
PGPR interactions and give more confidence in using the 
multimodal imaging capability of ToF-SIMS in future studies of 
plant and microbial sciences.

Experimental

PGPR preparation

The green fluorescent protein-tagged Pseudomonas fluorescens 
SBW25 and Arthrobacter chlorophenolicus A6 strains were 
obtained from previous studies.22, 23  The bacteria were cultured 
on Luria Broth (LB) agar plates at 30 ℃  24 h, until individual 
colonies appeared.  Both strains are kanamycin resistant. 
Therefore, the two strains were individually grown in 20 mL LB 
and kanamycin (50 µg/mL) medium in 50 mL serum bottles with 
shaking at 150 rpm at 30 ℃ .  A bubble trap was prepared to 
analyze the liquid vacuum interface (SALVI) in a microfluidic 
microchannel as described previously.30-32  A 10 mL syringe was 
filled with 9 mL of the LB and kanamycin medium that was 
connected to a polyetheretherketon (PEEK) that fit onto the 
microfluidic system.  A syringe pump was set to run for 20 µL 
/min to let the medium flow across the microchannel for 12 h.  
After the bacteria in the serum bottles grew to log phase (~ 24 
h), the cultures were inoculated at the liquid vacuum interface 
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(SALVI) microchannel and the flow rate was set to 2 µL /min for 
biofilm culturing.33  After 5 – 6 days, visible biofilm growth was 
observed in the microchannel.  The biofilm growth setup is 
illustrated in Fig. S1.

For preparation of planktonic bacterial cells, strains P. and A. 
were inoculated into 50 mL flasks containing 5 mL LB medium 
and cultured 1 – 2 days at 30 ℃ until the cultures reached an 
optical density (OD600) of approximately 0.6.  Subsequently, 
planktonic cells were harvested by centrifugation (5430, 
Eppendorf) for 2 min at 734 g.  The supernatant was discarded 

and 1 mL of sterile, deionized (DI) water was added to 
resuspend the precipitated bacteria before centrifuging one 
more time.  This step was repeated three times for desalination.  
Finally, 20 µL of the suspension was extracted with a pipette 
after discarding the supernatant and resuspending the bacteria 
in 200 µL of sterile DI water.

All samples were dried by air under a laminar flow in a fume 
hood and then deposited on a clean silicon (Si) wafer (10 mm × 
10 mm diced, Ted Pella Inc) before ToF-SIMS analysis.34 

Fig. 2. Normalized spectral comparison plots among different treatments in (a) top of seed and (b) bottom of seed in the negative mode in the range of m/z− 100 – 400. 
The green, blue, orange bars represent flavonoids fragments, phenolic acids and their derivatives, and fatty acids, respectively.

Brachypodium seed sample preparation

Brachypodium seeds (psb00001, Riken BRC Experimental Plant 
Division) were washed with sterile, deionized (DI) water in a 100 
mL beaker for 24 h.  These were used as control seeds.  Similarly, 
P.-treated seeds were soaked in sterile DI water, followed by 
inoculation with a 400 µL aliquot of P. bacteria in a 40 mL LB 
medium solution.  A third set of samples was prepared by 
inoculating the soaked seeds in the DI water with A. bacteria 

(Fig. 1a).  All beakers were sealed with Parafilm® and placed at 
25 ℃ with no direct sunlight for 24 h under sterile conditions.  
Prior to ToF-SIMS analysis, the seeds were dried using nitrogen 
gas and cut into three segments (Fig. 1b), then secured in a 
sample holder (Fig. 1c).  After ToF-SIMS analysis (Fig. 1d), SIMS 
spectra (Fig. 1e) and 2D (Fig. 1f) images were collected under 
the spectral mode and delayed image extraction mode, 
respectively.
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ToF-SIMS analysis

We used an IONTOF ToF-SIMS V spectrometer (IONTOF GmbH, 
Münster, Germany).  The primary ion was a 25 keV Bi3+ cluster 
ion beam in the spectral mode.  The beam was focused in 5 m 
diameter with a current of 0.56 pA at 10 kHz frequency.  The 
main chamber pressure was maintained at ~8×10−9 mbar during 
analysis.  ToF-SIMS spectra were acquired by scanning an area 
of 200 × 200 µm2 in the top and bottom segments of seeds and 
an area of 100 × 100 µm2 in the brush segment of seeds, 
respectively, for 100 scans with a pixel resolution of 128 × 128.  

ToF-SIMS imaging with better spatial resolution was highly 
desirable using the delayed extraction imaging mode.  The Bi3+ 

cluster ion beam was focused around 400 nm diameter with a 
current of 0.36 pA (150 ns pulse width) at 10 kHz frequency.  The 
pressure of the main chamber was maintained at ~2.5×10−8 
mbar.  ToF-SIMS delayed extraction images were acquired by 
scanning an area of 500 × 500 µm2 in the top and bottom 
segments of seeds and an area of 150 × 150 µm2 in the brush 
segment of seeds, respectively, for 50 scans with a pixel 
resolution of 256 × 256.  Mass resolution was between 2000 – 
4000.  Tables S2 gives examples of the mass resolution of 
selected peaks using the delayed extraction mode. 

ToF-SIMS data were analyzed using the IONTOF Surface Lab 
6.3 software.  At least five positive and negative data points 
were collected for each sample.  Mass spectra were calibrated 
using CH2

+ (m/z+ 14), C2H3
+ (m/z+ 27), C10H8O3

+ (m/z+ 176), C16H8
+ 

(m/z+ 200) and C23H21 (m/z+ 297) peaks in the positive mode; 
and O− (m/z− 16), O2H− (m/z− 33), C11H16O− (m/z− 164), C17H21O− 
(m/z− 241) and C20H29O4

− (m/z− 333) peaks in the negative mode.  
Calibrated SIMS data were exported to Origin Pro (2019b) for 
plotting.  Peaks from ToF-SIMS analysis were likely identified 
mainly according to previous mass spectrometry studies35-37 
and high mass-resolution results of ToF-SIMS.31, 32, 34  Some 
plant metabolites were identified based on earlier liquid 
chromatography-tandem mass spectrometry (LC-MS) studies.38-

41  SIMS spectral results of the DI control seed are illustrated in 
Figs. S2-S5, showing good reproducibility and measurement 
precision. 

Spectral PCA was performed using unit mass in Matlab 
(R2018b).42 In the first round of PCA, all peaks in both negative 
and positive mode were included, and the results showed a 
prominent matrix effect.  Interference mainly came from high 
mass inorganic peaks in the lower mass range of m/z ≤ 100.  
Since we were most interested in peaks in the range of m/z ≥ 
100, the second round of PCA was conducted using selected 
peaks ranging from m/z 100 – 400.  Prior to performing spectral 
PCA, data were pretreated by mean centering, normalization to 
the total ion intensity of selected peaks, and square root 
transformation.32, 34, 43, 44

Results and Discussion

Seed metabolites as a function of interactions with PGPR

Comparisons between the top and bottom segments of seeds 
from different treatments in the high mass-resolution spectral 
analysis in the negative mode are depicted in Fig. 2.  Normalized 
spectral comparisons in both negative and positive mode in the 
mass range from m/z 0 – 400 are displayed in Figs. S6 and S7.  
Analyses of A. and P. planktonic cells and biofilms were 
performed as bacterial control samples.  Figures S8-S11 give 
SIMS spectral comparisons among bacterial controls, non-
treated dry seed, DI control seed, and PGPR-treated seed.  
Looking into the negative mode in the range of m/z− 100 – 400 
spectra in Fig. 2, a series of characteristic peaks related to 
metabolites indicative of plant activities are observed in the DI 
control seed and PGPR-treated seeds in both top and bottom 
segments.

Flavonoids and phenolic acids are significant secondary 
metabolites in plants.45, 46  We observed the fragment of 
quercetin[1, 2B]− (m/z− 120.99, C7H5O2

−), fragments of galangin 
(m/z− 183.05, C12H7O2

−), and dihydroxyflavone (m/z− 252.96, 
C15H11O4

−) in the negative mode SIMS spectra among all 
samples.  Intensities of the quercetin and galangin fragments in 
the top and bottom segments are higher in the PGPR-treated 
seeds than in the DI control seed.  Phenolic acids and their 
derivatives are detected in the mass range of < m/z− 200.  For 
example, p-hydroxybenzoic acid (m/z− 137.02, C7H5O3

−), 
cinnamic acid (m/z− 147.04, C9H7O2

−), vanillin (m/z− 151.00, 
C8H7O3

−), protocatechuic acid (m/z− 153.02, C7H5O4
−), p-

coumaric acid (m/z− 163.05, C6H11O5
−), and gallic acid (m/z− 

169.02, C7H5O5
−) are observed in the top and bottom segments.  

Overall, peaks of these compounds show higher intensities in 
the PGPR-treated seeds, especially in A.-treated seed compared 
to the DI control seed.  These metabolites were commonly 
detected by previous LC-MS studies.39-41, 47  Recently, other 
mass spectrometry techniques were used to study flavonoids 
and phenolic acids.17, 37, 48, 49  We used ToF-SIMS to discover and 
determine the spatial locations of the metabolites in PGPR-
treated seeds in this work.

ToF-SIMS was used in imaging fatty acids.36, 50  Several fatty 
acid peaks are likely identified in the range of m/z− 200 – 400. 
Myristic acid (m/z− 222.98, C14H23O2

−), palmitic acid (m/z− 
255.13, C16H31O2

−), stearic acid (m/z− 283.29, C18H35O2
−), 

arachidic acid (m/z− 311.32, C20H39O2
−), heneicosanoic acid 

(m/z− 325.11, C21H41O2
−), docosanoic acid (m/z− 339.36, 

C22H43O2
−), and cerotic acid (m/z− 395.33, C26H51O2

−) are found 
in the top or bottom seed segments based on peak-
identification criteria described in the experimental section.  
Myristic acid, palmitic acid, and stearic acid are abundant in the 
DI control seed and PGPR-treated seeds.  Cerotic acid is not 
observed in the bottom of the P.-treated seed.  Other fatty acids 
are also detected in the negative mode, such as margaric acid 
(m/z− 265.28, C17H29O2

−).  Detailed possible peak identification 
is summarized in Tables S2 and S3.  The presence of fatty acids 
with 8 to 24 carbon chain-length structures at the seed surface 
are expected, because they are found in the lipid 
phosphatidylcholine (PC) for storage in the membrane.51 
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Fig. 3 Selected peak spectral PCA results in the negative ion mode: (a) PC1 vs. PC2 scores plot, (b) PC1 loadings plot, (c) PC2 loadings plot of the P.-treated samples, (d) 
PC1 vs. PC2 scores plot, (e) PC1 loadings plot, and (f) PC2 loadings in A.-treated samples. Peaks are labelled with their center masses. Peaks colored in green, blue, and 
purple represent flavonoids fragments, phenolic acids, and fatty acids, respectively.

Figure S7 depicts SIMS spectral comparison among the DI 
control seed and PGPR-treated seeds in the positive ion mode.  
Fatty acids, such as palmitic acid (m/z+ 257.15, C16H33O2

+), 
stearic acid (m/z+ 285.17, C18H37O2

+), arachidic acid (m/z+ 
313.21, C20H41O2

+), and docosanoic acid (m/z+ 341.37, 
C22H45O2

+), are prominently found in both top and bottom 
segments of seeds.  Furthermore, the intensities of peaks 
related to palmitic acid (m/z+ 257.15, C16H33O2

+), stearic acid 
(m/z+ 285.17, C18H37O2

+), and docosanoic acid (m/z+ 341.37, 

C22H45O2
+) decrease remarkably in the bottom section of the P.-

treated seed compared to the A.-treated and DI control seeds.  
Table S4 provides additional reference spectral information to 
support peak assignment.

Phospholipids are another class of lipids important for plant 
membranes and interactions with bacteria.  Although 
phosphatidylethanolamine (PE) or PC fragments were not 
observed, m/z+ 165.07 C10H13O2

+ was potentially identified as an 
α-tocopherol fragment 52, 53 in all seeds in the positive mode 
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(Figs. S7a-b). α-tocopherol is a type of vitamin E located in the 
plastid or thylakoid membranes in plants, and the increase of α-
tocopherol contributes to plant stress tolerance.54  It functions 
to shield lipids and other membrane structures.55  The intensity 
of α-tocopherol fragment reduces from the top to bottom 
segments in our SIMS spectral results, suggesting that the 
bottom of the seed exhibits higher response after being 
exposed to PGPR.  A previous study summarizes the direct or 
indirect plant growth-promoting function of vitamins produced 
by PGPR, such as thiamin, niacin, and pyrroloquinoline 
quinine.56  Our result indicates the potential role of vitamin E in 
the PGPR-plant interaction.

The peak of m/z+ 174.96 observed in the positive mode in 
Figs. S7a-b is likely identified as IAA (C10H9NO2

+).57  IAA is the 
most naturally occurring auxin and a plant growth-promoting 
hormone.  IAA is also produced as a signaling molecule in plants 
58 and several rhizobacteria.59  Specific strains of Pseudomonas 
and Arthrobacter were reported to produce IAA.60-64  IAA is 
observed at the top of P.-treated seed in our spectral data, 
suggesting that IAA exists in the Gram-negative P. to enhance 
host plant growth. We will explore IAA’s other functions in the 
following PCA discussion.

Spectral PCA showing interactions between PGPRs and the host 
seed surface 

Spectral comparison alone cannot distinguish the contribution, 
response, and source of metabolites, fatty acids, and quorum 
sensing biomarkers, and determine whether they originate 
from the microbes or the plant.  Therefore, spectral PCA is 
necessary for further evaluation of ToF-SIMS data.  We break 
the data into two subsets to study the effects of the Gram-
positive and Gram-negative PGPR individually in the following, 
P.-treated seed, DI control seed, P.-bacteria controls, and A.-
treated seed, DI control seed and A.-bacteria controls in 
selected peak PCA.  All peak spectral PCA scores and loadings 
plots in the positive mode are presented in Figs. S12 and S13 for 
comparison.  We will focus on the results from selected peak 
spectral PCA because spectral overlay helps reduce the matrix 
effect.65

Figure 3a shows the spectral PCA scores plots of principal 
component 1 (PC1) vs. PC2 of P.-treated samples in the negative 
ion mode. PC1, PC2, and PC3 explain 54.6%, 18.3 %, and 8.9% of 
all data.  PC1 separates the samples with and without seed; PC2 
separates those with Pseudomonas from the others.  These 
samples are well separated because of the difference of their 
surfaces.  Strong topographical features at the seed surface and 
factors like bacterial treatment are contributors to this 
clustering.

The PC2 and PC4 scores and loadings plots are presented in 
Fig. S14.  PC1 mainly separates the DI control seed as well as top 
and bottom segments of the P.-treated seeds from the P. 
bacteria control and the brush section of the P.-treated seed.  
PC2 positive shows overlaps between the P. biofilm and the 
upper segments of the P.-treated seed.  Whereas PC2 negative 
has similarities among P. planktonic cells and the brush of the 
P.-treated seed.  The scores plots of PC1 vs. PC2 and PC2 vs. PC4 
indicate that both P. biofilms and planktonic cells affect the 

seed surface.  Moreover, the brush segment of the seed has 
more active P. bacteria cell interactions than the top and 
bottom segments.  In the latter, more biofilms are formed.

Figure 3d shows the PC1 vs. PC2 scores plot of the A.-treated 
samples in the negative ion mode.  The PC3 and PC4 scores and 
loadings plots are presented in Fig. S15.  PC1, PC2, PC3, and PC4 
explain 61.4%, 11.4 %, 7.6 % and 6.9% of all data in the A.-
treated data set. 

PC1 distinguishes the DI control seed and the A.-treated seed 
from A. bacteria controls.  PC2 positive shows overlaps among 
the bottom of the DI control seed and the brush of the A.-
treated seed.  PC2 negative shows similarities among the top 
and bottom segments of the A.-treated and the A. biofilm.  This 
result indicates that the top and bottom segments of A.-treated 
seed are more likely to be affected by the A. biofilm.  
Furthermore, the brush segment is more responsive to A. 
planktonic cells.  Additional PCA results in the positive mode are 
shown in Figs. S16 and S17.

Flavonoids and phenolic acids 

Flavonoids and phenolic acids have various functions as 
important secondary metabolites in plants, such as conferring 
antioxidant, anti-inflammatory, and biological antiviral 
activities.38, 45, 46, 49  Thus, their metabolisms in the seed surface 
are of great interest.  Figs. 3b-c and Figs. S14b-c show the 
selected peak spectral PCA loadings results of P.-treated 
samples, and Figs. 3e-f and Figs. S15b-c the selected peak 
spectral PCA loadings results of A.-treated samples in the 
negative ion mode, respectively. 

Flavonoid (e.g., quercetin fragment m/z− 121, C7H5O2
−) and 

phenolic acids (e.g., cinnamic acid m/z− 147, C9H7O2
−) contribute 

to the PC1 negative loadings and PC2/PC4 positive loadings in 
the P.-treated samples; they also contribute to the PC1/PC3 
negative loadings and PC4 positive loadings in the A.-treated 
samples.  Combining with the scores plots, these compounds 
exist mostly in the top and brush sections of the P.-treated seed 
and in the brush segment of the A.-treated seed.  P-
hydroxybenzoic acid (m/z− 137, C7H5O3

−) and protocatechuic 
acid (m/z− 153, C7H5O4

−) contribute to the PC1 and PC2 positive 
loadings as well as the PC4 negative loadings in the P.-treated 
negative loadings.  Looking into the scores plots, these 
compounds contribute mostly to the bottom and brush sections 
of the P.-treated seed; and to the top and bottom sections of 
the A.-treated seed.  The p-hydroxybenzoic acid (m/z− 137, 
C7H5O3

−) is a plant metabolite and an algal metabolite.66, 67  
Protocatechuic acid (m/z− 153, C7H5O4

−) is a phenolic acid found 
in nature, and it is structurally similar to gallic acid, caffeic acid, 
vanillic acid, and syringic acid; and all are well-known 
antioxidant compounds.68  Thus, the SIMS observations 
reasonably imply their functions in the plant-PGPR interactions.

The p-coumaric acid (m/z− 163, C6H11O5
−) and the galangin 

fragment (m/z− 183, C12H7O2
−) peaks are important contributors 

in the PC1 and PC2 negative loadings in the P.-treated samples.  
These compounds are also prominent in the PC1/PC2 negative 
loadings and PC3/PC4 positive loadings in the A.-treated 
samples.  Referring to the scores plots, they contribute mostly 
in the brush section of the P.-treated seed and in the top to 
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bottom sections of the DI control seed and the A.-treated seed.  
p-Coumaric acid is a plant metabolite; and it has antioxidant and 
anti-inflammatory properties.69  It is known to have bactericidal 
activity by destroying the bacterial cell membrane and 
interacting with bacterial DNA.70 Galangin is a 7-
hydroxyflavonol with additional hydroxy groups.  It is an 
antimicrobial agent, and acts as an EC 3.1.1.3 (triacylglycerol 
lipase) inhibitor and a plant metabolite.71  Gallic acid (m/z− 169, 
C7H5O5

−) is another important contributor in the PC1 negative 
loadings and PC2 positive loadings in the P.-treated samples.  It 
contributes to the PC1, PC3 and PC4 negative loadings in the A. 
treated seed.  The observation of phenolic acids and flavonoids 
indicates that important bacterial activities can be captured 
using ToF-SIMS.

To illustrate accumulations of flavonoids and phenolic acids 
in different PGPR-treated seeds, comparisons of normalized bar 
plots of these compounds are presented in Figs. S18 and S19.  
The comparison between the DI control seed and P.-treated 
seed is depicted in Fig. S18.  The intensities of compounds such 
as p-hydroxybenzoic acid (m/z− 137, C7H5O3

−), cinnamic acid 
(m/z− 147, C9H7O2

−), and p−coumaric acid (m/z− 163, C6H11O5
−) 

are higher in the P.-treated seed than in the DI control seed in 
the top section.  However, they decrease in the bottom 
segments.  Two flavonoid peaks show an opposite trend.  
Specifically, the quercetin fragment (m/z− 121, C7H5O2

−) 
accumulates more in the DI control seed; while the galangin 
fragment (m/z− 183, C12H7O2

−) is more abundant in the P.-
treated seed in both top and bottom sections.  Fig. S19 presents 
a comparison between the DI control seed and A.-treated seed.  
Generally, the presence of phenolic acid is higher in the A.-
treated seed than in the DI control seed.  Gallic acid (m/z− 169, 
C7H5O5

−) is an exception among these peaks, because it shows 
an opposite trend.  The galangin fragment (m/z− 183, C12H7O2

−) 
accumulates more than the quercetin fragment (m/z− 121, 
C7H5O2

−) in the PGPR treated seed, when comparing the PGPR 
treated seed and the DI control seed.

Previous studies report that flavonoids and phenolic acids 
have the anti-microbial function to protect plants from 
pathogens.72  Our results show that these compounds exist in 
both the DI control seed and PGPR-treated seeds.  Their 
appearances in the DI control seed may suggest a wounding 
response after the seed was sectioned.  Additionally, their 
accumulations vary between different seed segments and PGPR 
treated seeds.  For example, p-coumaric acid (m/z− 163, 
C6H11O5

−) is seemingly more sensitive to A. interactions.  In 
contrast, quercetin and galangin have an opposite trend under 
different PGPR interactions, indicating different responses to 
PGPR.  Optimizing the instrument setup and increasing the 
signal intensity will allow more unambiguous identification of 
metabolite related peaks.  Utilizing the MS-MS capability in 
newer ToF-SIMS would certainly improve our abilities in peak 
identification. 

Fatty acids

Fatty acids are vital components in bacterial biofilms and they 
also serve as structural membrane lipids in plants.31, 51, 73  Many 
fatty acids, such as palmitic acid (m/z− 255, C16H31O2

−), margaric 

acid (m/z− 265, C17H29O2
−), stearic acid (m/z− 283, C18H35O2

−), 
docosanoic acid (m/z− 339, C22H43O2

−) and cerotic acid (m/z− 
395, C26H51O2

−), are significant contributors to the PC1 and PC4 
negative loadings as well as the PC2 positive loadings in the P.-
treated samples.  They are prominent in the PC1 and PC4 
negative loadings as well as PC2 positive loadings in the A.-
treated samples.  Thus, these fatty acids are important 
contributors in the A.- and P.-treated seeds combining the 
scores and loadings results. 

Palmitic acid (m/z− 255, C16H31O2
−) and stearic acid (m/z− 

283, C18H35O2
−) have higher loadings among the observed fatty 

acids. Palmitic acid (m/z+ 257, C16H33O2
+), and stearic acid (m/z+ 

285, C18H37O2
+) have high loadings in the selected peak spectral 

PCA results in the positive mode (Figs. S16 and S17).  This is 
expected since C16 and C18 fatty acids with three double bonds 
are the most abundant and common fatty acid constituents in 
membrane lipids of higher plants.51, 74  Interestingly, palmitic 
acid serves as an important biomarker for biofilm functions in 
addition to being one of significant components in plant 
membranes.34, 36, 75  Palmitic acid has high loadings in all 
samples, which might come from contributions from both the 
plant host and the bacteria.  Biosynthesis of palmitic acid was 
reported in fungal and plant signaling.76  In addition, fatty acids 
have antifungal and bactericidal functions; 77 and palmitic acid 
has stronger antifungal activity than unsaturated fatty acids.78  
Our data seems to support this finding. 

Oleic acid (m/z− 281, C18H33O2
−) is prominent in the PC1, PC3, 

and PC4 negative loadings as well as PC2 positive loadings in the 
A.-treated samples.  Antimicrobial lipids, including fatty acids 
and monoglycerides, can destabilize bacterial cell membranes 
and cause direct and indirect inhibitory effects. Our results 
support the notion that unsaturated oleic acid (C18:1) has a high 
potency in antibacterial activities in Gram-positive bacteria.77, 79, 

80  Arachidic acid (m/z− 311, C20H39O2
−) is another prominent 

contributor in the loadings of the two PGPR-treated samples.  It 
was reported that arachidic acid (m/z− 311, C20H39O2

−) triggers 
fatty acid-mediated defense responses and elicits general plant 
stress-signaling networks.81  Our results indicate that arachidic 
acid might participate in defense response when plants 
experience invading PGPR bacteria.

Quorum sensing inhibitor in plant response to PGPR exposure

In addition to auxin’s role in plant growth, IAA has the ability to 
act as a quorum sensing inhibitor (QSI) of antivirulence by 
inhibiting antibiotic-resistant pathogens.82-84  Bacteria can 
secrete chemical signal molecules and autoinducers to regulate 
cell density and a variety of physiological functions, such as 
bioluminescence and biofilm formation.85  In this way, bacteria 
adapt to changes in the surrounding environment.  This cell-to-
cell communication behavior is called bacterial quorum sensing 
(QS).86  Both Gram-positive and Gram-negative bacteria use QS 
and the mechnisms of their elicited responses from host 
organisms are different.87, 88  QS can lead to the occurrence of 
pathogenicity in many plant pathogenic bacteria because 
bacterial behavior within biofilms is regulated by QS.  Therefore, 
bacteria release chemical signals and express virulence 
factors.89  For example, QS is responsible for enhanced 
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antibiotic tolerance of biofilms as well as for resistance to the 
innate immune system in Pseudomonas aeruginosa.90  
Therefore, the use of QSI has been proposed as a potential 
antivirulence approach.91, 92

IAA contributes to the PC1 negative loadings and PC2 
positive loadings, in the positive spectral PCA results of P.-
treated samples shown in Fig. S16, corresponding to the top 
segment of the P.-treated seed. Pseudomonas fluorescens are 
known for their plant growth-promoting properties including 

pathogen suppression.93  Our result indicates that IAA might 
play a QSI role in this process.  Moreover, the IAA peak 
contributes notably in the PC1 and PC2 negative loadings 
coupled with PC1 and PC2 scores plots in the A.-treated PCA 
results in the positive ion mode (Fig. S17), which corresponds to 
the brush segment of the A.-treated seed.  Consequently, our 
finding provides the molecular evidence for phytohormone IAA 
biosynthesis in the Gram-positive PGPR, which is consistent 
with a previous study of the IAA function in Arthrobacter.94 

Fig. 4 Delayed extraction 2D total ion images of (a) DI control, (b) P.-treated and (c) A.-treated Brachypodium seed top sections and their corresponding spectra (d-f). 
Similarly, delayed extraction 2D total ion images of (g) DI control, (h) P.-treated, and (i) A.-treated Brachypodium seed bottom sections and their corresponding spectra 
(j-l) in m/z− 100 – 400 in the negative ion mode.

Delayed extraction 2D images and spectra illustrate PGPR effects 
on the host seed surface

We have employed delayed extraction imaging in ToF-SIMS for 
the first time in the molecular mapping of plant-PGPR 
interactions. Figs. 4a-c and Figs. 4g-i depict the 2D total ions 
images in the top and bottom segments among treated seeds in 
the negative mode.  The light blue color represents higher 
relative ion counts while darker color indicates lower counts.  
Clear distinctions are visualized at the surfaces of seeds that 

have undergone different treatments.  First, the appearance of 
the seed surfaces varies between the top and bottom sections 
of the same seed.  Fiber-like hairs on the surface are shorter in 
the top segment compared to the bottom segment in the DI 
control seed.  No fibers or hair structures are seen in the bottom 
segment in the P.-treated seed.  Elongated fibers are barely 
seen while bumps have higher ion counts in the A.-treated seed.  
Second, the seed surfaces have obvious difference in the DI 
control seed and the PGPR-treated seeds when comparing the 
same seed sections.  Fiber like structures on the P.-treated seed 
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are longer and thicker compared to the DI control seed in the 
top sections of seeds. In contrast, these fiber structures seem 
shriveled and small in the A.-treated seed surface.  There are 
long black lines on the surface of the P.-treated seed compared 
to the DI control seed in the bottom sections.  The surface of A.-
treated seed does not have a lot of signals coming from these 
fiber-like structures.  These 2D images show that ToF-SIMS not 
only captures morphologic features but also illustrate molecular 
changes using the delayed image extraction mode. 
Figs. 4d-f and Figs. 4j-l demonstrate the delayed extraction 
spectral results of each samples in the range of m/z− 100  400 
in the negative mode.  The delayed extraction mode presents 
similar trends in the top section of the DI control and PGPR-
treated seeds compared to spectral results from the static 
spectral mode shown in Fig. 2.  For example, fatty acids such as 
myristic acid (m/z− 222.98, C14H23O2

−), palmitic acid (m/z− 
255.13, C16H31O2

−), stearic acid (m/z− 283.29, C18H35O2
−), and 

arachidic acid (m/z− 311.32, C20H39O2
−) as well as the fragment 

of quercetin[1, 2B]− (m/z− 120.99, C7H5O2
−) are prominent.  The 

delayed extraction mode spectral results show notable 
differences in the DI control and PGPR-treated seeds especially 
in the range of m/z− 200  400 in the bottom section.  Only a 
few prominent peaks are seen in the P.-treated seed such as 
arachidic acid (m/z− 311.32, C20H39O2

−) and heneicosanoic acid 
(m/z− 325.11, C21H41O2

−).  The low total ion intensities in the P.-
treated seed likely contributes to the difficulty in observing 
higher mass ions.  However, plant metabolites are still visible in 
the DI control seed and A.-treated seed in the delayed 
extraction mode spectral results.  Figs. S20-S25 show the 2D 
image comparison of total ions and selected ions observed in 
the top and bottom seed sections in the SIMS negative ion 
mode.  The representative metabolite flavonoid and fatty acid 
peaks are detected in the delayed extraction image mode.  
Although the total ion intensities in the bottom of P.-treated 
seed is relatively low, peaks such as palmitic acid (m/z− 255.13, 
C16H31O2

−) and stearic acid (m/z− 283.29, C18H35O2
−) are 

captured.  In contrast, their signals are not significant in the high 
mass resolution spectral result.  Additionally, a C4 plant Seteria 
leaf was used as a plant model to compare the images acquired 
from the high lateral resolution imaging mode and the delayed 
extraction mode in Figs. S26-S27, respectively.  The 2D images 
acquired from the imaging mode (Fig. S26) provide a higher 
image resolution as expected with a trade-off in the loss of mass 
resolution.  As a comparison, the delayed image results are 
useful in offering both reasonable morphological features (Fig. 
S27) and spectral information. 

Overall, the spectra results from the delayed extraction mode 
(Figs. 4d-f and Figs. 4j-l) are consistent with the static high mass 
spectral observations (Fig 2).  We discussed the functions of 
these metabolites on the host seed surface in the static spectral 
analysis and spectral PCA discussions.  The delayed extraction 
mode 2D image and spectral results further assist the 
understanding of their roles in plant growth by inducing plant 
antimicrobial response to bacteria stress.  The positive mode 2D 
and spectral analysis results (Figs. S28-S29) show similar 
observations.  Both sets of imaging results support that the 
delayed image extraction mode could provide reasonable 

findings compared to those acquired in the spectral mode.  The 
delayed image extraction mode is useful to obtain plant 
morphological information while maintaining reasonable 
spectral fidelity in ToF-SIMS 

Conclusions
We have applied ToF-SIMS, including the spectral mode and 

delayed image extraction mode, to characterize molecular and 
morphological changes in PGPR-affected Brachypodium seed 
surfaces for the first time.  Vital plant metabolites and 
biomarkers are likely observed from the ToF-SIMS mass spectral 
analysis.  Flavonoids and phenolic acids inherent in the host 
plants are found in the DI control and PGPR-treated seeds in 
SIMS spectral result and spectral PCA analyses.  Our findings 
show that plants respond to microbial invasion by production of 
specific metabolites such as fatty acids.  A common auxin, IAA, 
is observed in the PGPR-treated seed surfaces.  In addition to its 
well-known function in promoting plant growth, our result 
suggests that IAA act as a QSI in the pathogen-suppression 
process of Gram-negative P. and Gram-positive A.  The ion 
images from the delayed extraction mode provide visualization 
of morphological changes on the seed surface of PGPR-treated 
seeds, complemented with useful spectral information.  
Although ToF-SIMS has some limitations, such as its high cost 
and difficulty in operation and peak assignment, it is still a 
valuable and less explored tool in plant biology and 
microbiology.  Our results in this paper show that ToF-SIMS has 
a great potential in capturing plant metabolites and tracking the 
bacteria – host relationship, and both are valuable in plant 
biology and systems biology.  Moreover, ToF-SIMS can provide 
more insights into the cell-to-cell interactions offering 
submicrometer spatial resolution and molecular information. 
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