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Abstract

Background: Previous reports in several plant species have shown that thiamin applied on
foliage primes plant immunity and is effective in controlling fungal, bacterial, and viral diseases.
However, the effectiveness of thiamin against potato (Solanum tuberosum) pathogens has seldom
been investigated. Additionally, the transcriptomics and metabolomics of immune priming by
thiamin have not previously been investigated. Here, we tested the effect of thiamin application
against Alternaria solani, a necrotrophic fungus that causes early blight disease on potato

foliage, and identified associated changes in gene expression and metabolite content.

Results: Foliar applications of thiamin reduced lesion size by approximatey 33% when applied
at an optimal concentration of 10 mM. However, the effect of thiamin on preventing lesion
growth was temporally limited, as we observed a reduction of lesion size when leaves were
inoculated 4 h, but not 24 h, following thiamin treatment. Additionally, we found that the effect
of thiamin on lesion size was restricted to the site of application and was not systemic. Gene
expression analysis via RNA-seq showed that thiamin induced the expression of genes involved
in the synthesis of salicylic acid (SA) and phenylpropanoids to higher levels than the pathogen
alone, as well as fatty acid metabolism genes that may be related to jasmonic acid biosynthesis.
Thiamin also delayed the downregulation of photosynthesis-associated genes in plants inocul ated
with A. solani, which is a typical plant response to pathogens, but could also induce a similar
repression of primary metabolic pathways in non-infected leaves. Metabolite analyses revealed
that thiamin treatment in the absence of pathogen decreased the amounts of several organic

compounds involved in the citric acid cycle as well as sugars, sugar alcohols, and amino acids.
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Conclusions: Our study indicates that thiamin priming of plant defenses may occur through
perturbation of primary metabolic pathways and a re-allocation of energy resources towards

defense activities.

Keywords

Thiamin, potato, Alternaria solani, priming

Background

Early blight of potato is a disease caused by the fungal pathogen Alternaria solani
(Family Pleosporaceae). The primary symptom of early blight is the presence of necrotic lesions
on leaves, often most prevalent in senescing or stressed tissue [1]. Small circular lesions progress
into large angular lesions eventually causing localized death. The ensuing reduced
photosynthetic ability can result in a dramatic yield reduction [2]. The pathogen can also be
symptomatic on tubers, resulting in dry rot symptoms and the formation of dark and sunken
lesions on the tuber surface [3], making the tuber unmarketable and unsuited for processing. A.
solani occursin nearly all potato growing regions of the world and under many different climates
[4]. Environmental conditions such as high moisture and temperature can speed the development
of the disease [5, 6]. The conventional approach to controlling early blight in potato is the
application of fungicides[7, 8], which result in reduction of disease [9], especially when applied
at critical times such as late bulking and tuber maturation [10]. However, many of the major

classes of fungicides used to control early blight have been shown to lose effectiveness due to
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fungicide resistance [8, 11]. Moreover, fungicides can have lasting negative effects on both the
environment and human health [12, 13]. Due to environmental and health effects, along with the
emergence of fungicide-resistant strains of A. solani, more management strategies must be

investigated.

Among some of the other common management strategies to prevent A. solani outbreaks
is the use of resistant cultivars. Unfortunately, breeding for resistant cultivars has been limited
due to the multigenic nature of resistance [14]. Biocontrol is another promising route of disease
control [15]. However, there is a need for more field-scale research to prove its effectiveness
[16]. Additional management strategies include cultural management, such as crop rotation, the
removal of alternate hosts such as S. nigrum and S. carolinense, the utilization of disease-free
seed, and irrigation practices [15, 17, 18]. Although cultural management practices are effective
at partially controlling the disease, full control is often unattainable. Typically, a mixture of
fungicide applications, resistant varieties, and cultural controls are needed to mitigate early blight
disease. Accordingly, there is a considerable need to identify more effective tools to prevent

yield losses resulting from early blight disease.

An alternative strategy for managing plant disease is the application of chemical dicitors
for immune priming of plant defenses, characterized by the activation of host plant defense
responses, such as transcription of defense genes and the synthesis of phytoalexins, in advance of
pathogen infection. Amongst chemical dicitors, B group vitamins have recently received
attention as natural plant products that are able to prime plant defenses and reduce disease
incidence [19]. Thiamin (vitamin B1), in its pyrophosphorylated form thiamin diphosphate
(ThDP), is a cofactor for key enzymes of carbohydrate, amino acid, and fatty acid metabolism

4
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[20, 21]. In particular, ThDP is a cofactor for both mitochondrial and chloroplastic pyruvate
dehydrogenases, which are involved in glycolysis and de novo fatty acid biosynthess,
respectively. ThDP is also a cofactor of transketolase, a key enzyme of the oxidative pentose
phosphate pathway and the Calvin cycle. Another key enzyme of primary metabolism that uses
ThDP as a cofactor is 2-oxoglutarate dehydrogenase, which has essentia roles in the
citric/tricarboxylic acid (TCA) cycle, nitrogen assimilation, and amino acid metabolism. ThDP is
essential for the synthesis of the branched-chain amino acids valine, leucine, and isoleucine as a
cofactor for acetolactate synthase, and also serves as a cofactor for 1-deoxy-D-xylulose-5-
phosphate (DXP) synthase, which synthesizes DXP, a precursor of isoprenoids via the

meval onate-independent pathway.

Thiamin has also been shown to prime plant defenses when externally applied to plant
foliage in advance of pathogen challenge [22-25]. Priming of plant defenses with thiamin was
demonstrated to slow or stop infections from fungal, viral, and bacterial pathogens in a variety of
hosts, including Arabidopsi's, soybean, rice, grape, tobacco and cucumber [22, 23, 26, 27]. Plant
defenses triggered by thiamin application include callose deposition, phytoalexin production,
pathogenesis-related (PR) gene expression, and production of reactive oxygen species (ROS)
[19]. An increase in biosynthesis of secondary metabolites such as terpenoids, phenylpropanoids
and antioxidants was found in grapevine upon treatment with thiamin, and the production of such
molecules are most likely regulated through molecules such as lipoxygenases, which are aso
upregulated upon thiamin treatment on grapevine [26]. These molecular changes involve the SA-
dependent signaling pathway in Arabidopsis [23]. In potato, application of thiamin decreased the
vira titer of potato virus Y [28]. However, no other studies have been conducted to address the

potential of thiamin as a priming agent in potato against other pathogens. It is also unclear how
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thiamin primes plant defenses in any of the plant pathosystems studied so far. Possible
mechanisms include thiamin functioning as an enzymatic cofactor, and possible subsequent

metabolic reorganization, or through a non-cofactor, yet-to-be-identified role.

In this study, our first objective was to evaluate the effectiveness of thiamin priming
treatments against foliar A. solani infections in potato. Second, after demonstrating that thiamin
treatment decreased symptoms caused by A. solani, we characterized the molecular mechanisms
of thiamin priming in potato by analyzing changes of gene expression by RNA-seq and changes

in metabolites by gas chromatography mass spectrometry (GC-MYS).

Methods

Plant growth

All experiments were done with the potato variety Russet Norkotah, and in one
experiment as noted in the text below, Russet Burbank was used as well. Both varieties were
chosen because of their susceptibility to early blight. Plantlets were grown for three to four
weeks on solid Murashige and Skoog (M'S) medium (4.6 g I™* MS-modified BC potato salts, 30 g
L™ sucrose, 100 mg L™ myo-inositol, 2 mg L™ glycine, 0.5 mg L™ nicotinic acid, 0.5 mg L™
pyridoxine, 0.1 mg L™ thiamine, pH 5.6) before being transferred to pots containing a mixture of
sand and potting soil (Sunshine Mix #4) (v/v 1:4) and slow-release fertilizer (Osmocote Plus).
Plants were then grown in greenhouses for an additional 5-7 weeks before utilization in
experiments. Plants received 14 h daily light exposure, and supplementary lighting was provided

with 400 W high-pressure sodium lamps. Greenhouse temperature was maintained at 21°C day



119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

and 18°C night. For whole plant assays, plants were placed in a 1.22 m x 0.91 m x 244 m

humidity chamber made from PV C piping and clear plastic.

Thiamin foliar treatments

Thiamin (Millipore Sigma, Catalog No W332208, >98%) solutions were prepared in
deionized water that included Tween 20 at 250 ug L™ to facilitate dispersion of thiamin to the
foliage; mock solution consisted of Tween 20 a 250 pg L™ in deionized water. Treatment
solutions were sprayed onto foliage via a handheld spray bottle until runoff (approximately 30
mL per plant). Thiamin was applied at the given concentrations (0, 1, 5, 10, 25, 50 mM) and

timepoints (4 h, 28 h) prior to pathogen inoculation as noted.

A. solani inoculations

Alternaria solani strain BMP 183 [29] was grown on V8 agar medium plates (10%
clarified V8 juice, 1.5 % CaCO3, and 12.7% Agar) from a glycerol stock kept at -80°C. After
three days growth, the pathogen was sub-cultured onto fresh V8 agar plates and grown under
continuous light until complete coverage of the plate was observed (15-21 days). Plates were
then covered with 5 mL deionized water and conidia were gently dislodged using a plastic
spreader. Conidia were then transferred into a 50-mL falcon tube, vortexed to release spores
from mycelium, and filtered through four layers of cheesecloth. Conidia were counted via
hemocytometer and concentration was adjusted to 15,000-30,000 spores mL™ with deionized
water for all assays except systemic tests where spore concentration was adjusted to ~6,000
spores mL™. Spore concentration used for each experiment is indicated in the legends of figures

and table.



140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

Detached leaflet inoculations

After mock or thiamin treatment on whole plants, four leaflets were removed using a
sterile scalpel from the 3 and 4™ leaves from the top of each plant. Leaflets were rinsed with
deionized water to remove any treatment residue and thiamin precipitate and alowed to dry
before inoculations. Laboratory wipes (Kimwipe) (2.5 x 2.5 cm) were wrapped around the
petiole of the leaflet. Leaflets were then arranged on pipette tip holders in 1020 garden trays
(Greenhouse Megastore) and separated by treatment group, with one biological replicate per
tray; four biological replicates per group were used in all assays. The detached |eaflets were then
drop-inoculated with four equally spaced drops of 20 uL inocula on the adaxial side of the
leaflet. Three leaflets per plant were used for A. solani inoculation, and one inoculated with
deionized water only as control. After pathogen inoculation, wipe squares were saturated daily
with 200 uL deionized water to keep leaflets hydrated. To maintain high humidity for optimum
infection, 250 mL of reverse osmosis water was added to the bottom of the trays, which were
covered with clear plastic domes and sealed with packing tape. Trays were placed in a dark
growth chamber immediately post-inoculation for 14 h at 22[7, then under a 10 h photoperiod
until lesions were large enough for measurement, at 3-4 days post-inoculation. To evaluate the
efficacy of thiamin as a priming agent for systemic immunity against A. solani, several leaves of
each plant were covered using plastic zip-lock bags to protect them from thiamin treatments
performed as described above. Four hours after thiamin treatment, we collected unbagged and

bagged leaflets for a detached |eaf assay.
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Whole plant inoculations

Plants were placed in the humidity chamber, and leaflets were inoculated directly on the
plant with two to six 10 uL drops of inocula per leaflet, depending on leaflet size. In collecting
leaf disksfor RNA-seq (see below), leaflets all had six drops of inocula. Mock-inoculated and A.
solani-inoculated samples were from different leaves of the same plant in both mock- and
thiamin-treated plants across all timepoints. Four biological replicates (one biological replicate =
one plant) were used for each treatment, with a minimum of four leaves per plant. To provide
moisture (relative humidity > 90%) and encourage disease development, a humidifier
(AquaOasis) was used for 2 h post-inoculation in the late afternoon (16:00) and subsequently for
2 h every morning and evening. A black shade tarp was draped over the chamber immediately

post-inoculation in the late afternoon and removed the following morning.

Lesion measurements

Disease severity was determined after three to four days by modeling the lesions using
the trace function and measuring the area of each lesion in mm? via ImageJ [30]. For the
detached leaf assay, the value recorded for each plant is the mean lesion area across all 12
lesions. For the whole plant assay, all lesions on a single plant were measured via ImageJ and
reported as a single mean lesion area per biological replicate. For the systemic resistance assay,

lesion diameter was recorded instead of area.

RNA extraction

Whole plants (n=3) were spray treated with 10 mM thiamin or mock solution. Four hours

post-treatment, three leaflets from the same leaf were inoculated with A. solani. Four biological
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replicate samples (leaves from one plant = one biological replicate) were collected from both
Alternaria-inoculated and non-inoculated leaves on both thiamin-treated and mock-treated plants
at three time points (12, 24, and 48 hours post-inoculation (hpi)). For each time point, treatment
groups were assigned as follows: “mock_Alt_local”, mock-treated, A. solani-inoculated leaves;
“mock_distal”, mock-treated, non-inoculated/distal leaves; “thi_Alt_local”, thiamin-treated, A.
solani-inoculated leaves; and “thi_distal”, thiamin-treated, non-inoculated/distal leaves (Fig. S1).
For samples from each time point and treatment group, an 8-mm diameter hole punch was used
to take six leaf discs from the inoculated area, weighing a total of 50-60 mg per sample. Non-
inoculated, mock- and thiamin-treated samples were collected concurrently with inoculated
samples and were therefore assigned hpi designations of 12, 24, and 48 hpi accordingly. Samples
were immediately frozen in liquid nitrogen and stored at -80°C until RNA extraction. Frozen |eaf
tissue was first homogenized using a mortar and pestle, and total RNASs were extracted using the
PureLink™ RNA Mini Kit (Invitrogen) using the manufacturer’s instructions. Trace genomic
DNA was removed via DNase | treatment via DNA-free™ Kit (Invitrogen). RNA was
precipitated via one volume of 4 M lithium chloride incubated at 4°C overnight. After
centrifugation at 13,250 g for 30 min at 4°C, the pellet was washed with 200 pL 70% ethanol and
resuspended in RNase-free water. RNA integrity was evaluated via gel electrophoresis, potential
contamination was assessed via a NanoDrop One® (ThermoScientific) spectrophotometer, using
absorbance ratios of A260/280 and A260/230 > 2.0 for cut-off. RIN values were obtained via

Agilent Bioanalyzer 2100 and ranged in value from 6.6 to 9.
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gRT-PCR

RNA concentrations and purities were analyzed via a DeNovix DS-11 spectrophotometer
(DeNovix Inc., Wilmington DE, USA). Synthesis of cDNA was conducted via ProtoScript 11
First Strand cDNA Synthesis Kit (New England Biolabs, Ipswich MA, USA), using
manufacturer’s instructions for reverse transcription of total RNA. cDNA samples were diluted
100-fold for gRT-PCR. Primers for qRT-PCR were designed from target mRNA sequences,
spanning introns where possible, and synthesized by Integrated DNA Technologies, Inc.
(Coralville 1A, USA). Primer sequences ae as followss SIGAPDH (Fwd:
GCTCATTTGAAGGGTGGTGC, Rev: AGGGAGCAAGGCAATTTGTG); StPR1  (Fwd:
AATGTGCAAGCGGACAAGTG, Rev: TCCGACCCAGTTTCCAACAG). gRT-PCR was
carried out via an iProof SYBR Green Supermix kit and CFX96 thermocycler (Bio-Rad
Laboratories, Hercules CA, USA) per manufacturer’ s instructions. Two technical replicates were
included for each of three biological replicates per treatment group and time point. Relative
expression (RE) was calculated via the 224% method [31], with the lowest-expression samples

for each time point designated as the calibrator.

RNA-sequencing

Total RNA was sent to Novogene (Sacramento, CA) for sequencing via lllumina
platform. Messenger RNAs were first purified from total RNA using poly-T oligo-attached
magnetic beads. Random hexamer primers were used for first strand cDNA synthesis followed
by a second strand cDNA synthesis via lllumina NovaSeq platform. After end repair, A-tailing,
adapter ligation, size selection, amplification, and purification, the 156-bp paired-end libraries

were sequenced using the Illumina NovaSeq 6000 Sequencing System. Adapters used for paired-
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end sequencing were as follows: 5 Adapter: 5-
AGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTAGATCTC-
GGTGGTCGCCGTATCATT-3'; 3 Adapter: 5-GATCGGAAGAGCACACGTCTGAAC-

TCCAGTCACGGATGACTATCTCGTATGCCGTCTTCTGCTTG-3'.

RNA-seq data analysis

FASTQ file read quality was evaluated via FastQC [32], and adapters were trimmed via
Trim Galore! (https.//www.bioinformatics.babraham.ac.uk/projects/trim_galore/) with default
options, specific adaptor sequences, and filtering for Phred score > 20 [33]. Genome indexing
and mapping of trimmed, filtered reads to the potato reference genome DM_1-3 516 R44 v6.1
(http://spuddb.uga.edu/dm v6 1 download.shtml) was performed via HISAT2
(https://daehwankimlab.github.io/hisat2/) with default options. Output SAM files were converted
to BAM format and mapping quality was analyzed via Samtools (http://www.htslib.org/). The
High Confidence Gene Model Set annotations file for DM v6.1, in GFF3 format, was converted
to GTF format via gffread (http://ccb.jhu.edu/software/stringtie/gff.shtml). Reads were aligned to
annotated gene models from the high-confidence gene model GTF via featureCounts
(http://subread.sourceforge.net/) with the following options: -p; --countReadpairs, and —

transcript.

The DESeq2 package [34] in R (version 1.34.0) was used to generate lists of
differentially expressed genes (DEGs) for each comparison group. Genes were differentially
expressed between groups only if adjusted p < 0.05 and |logx(fold-change)|] > 2.0. The

comparison groups were assigned as follows: “response to Alt (local)”, mock_Alt_local vs.
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mock_distal; “response to Alt (thi)”, thi_Alt_local vs. thi_distal; “response to thi”, thi_distal vs.
mock_distal; and “response to thi (Alt), thi_Alt local vs. mock_Alt local (Fig S1). Gene
Ontology (GO) term assignments (DM_1-3 516 R44 potato.v6.1.working_models.go.txt.gz)
for the annotated genes in the DM v6.1 genome were downloaded from http://spuddb.uga.edu.
GO term enrichments for DEGs were identified via the clusterProfiler
(https://github.com/YuLab-SMU/clusterProfiler) package in R version 4.1.2. “biological

process’, “molecular function”, and “cellular component” terms were analyzed for each list of
upregulated and downregulated DEGs, respectively, compiled from the three comparisons and
time points and the “universe’ option set to the population of genes with > 1 read across all

FASTQ files.

Metabolite analysis by GC-MS

Leaf metabolites collected at 1, 6, and 12 h after thiamin treatment were analyzed by GC-
MS as previousy described [35]. The difference in sampling times between RNA-seq and
metabolite analysis is explained in the text below. Briefly, full leaflets were selected from three
plants (one plant = one biological replicate, each plant had every timepoints) sprayed with 10
mM thiamin or mock solution at 1, 6, and 12 hours post treatment (hpt) and frozen in liquid
nitrogen. Three biological replicate samples per treatment group for each time point, each of
approximately 50 mg mass, were added to 700 pL extraction solvent
(water:methanol:chloroform (1:2.5:1)) with an internal standard (40 pg/ml ribitol). Samples were
placed on ice for 5 minutes on a shaking platform rotating at 130 rpm, and then centrifuged at
4°C for 2 minutes at 21,000 x g to pellet cellular debris. The supernatant was transferred to a

clean microcentrifuge tube and 280 uL of water was added to separate the agueous phase from
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the organic phase. After a 2-minute centrifugation at 21,000 x g, the upper agueous phase was
collected and placed into a clean microcentrifuge tube. The samples were frozen at -80 °C, then
placed into a centrifugal vacuum concentrator and lyophilized to dryness overnight. Dried
samples were stored at -80°C until further analysis. A no tissue extraction control (i.e., reagent
blank) was included to assess if detected peaks are plant tissue-specific. Dried samples were
resuspended in 20 pL 30 mg/mL methoxyamine hydrochloride in pyridine and incubated at 37°C
for 1.5 h, with vigorous shaking. Next, 40 puL of N-methyl-N-(trimethylsilyl) trifluoroacetamide
with 1% trimethylchlorosilane was added and the samples were incubated at 37°C for 30
additional minutes with vigorous shaking. Metabolites were separated in an Agilent 7890B GC
system and detected with an Agilent 5977B MSD in ElI mode scanning from 50 m/z to 600 m/z.
Mass spectrum analysis, component identification and peak area quantification were performed
with AMDIS [36]. Fold-change and pathway enrichment analyses were performed via
MetaboAnalyst 6.0 (https:.//www.metaboanalyst.ca/MetaboAnalyst/), with independent
comparisons between thiamin- and mock-treated samples at each time point. Metabolites with at
least two-fold difference between treatment groups, and with raw p-value < 0.05 were selected
for pathway enrichment analysis via hypergeometric test and the Arabidopsis thaliana-derived
KEGG pathways. Pathway enrichment p-values were manually adjusted via the post-hoc

Benjamini-Hochberg method to control the false discovery rate [37].

Data reporting and statistical analyses

Statistical analysis of assays with multiple comparisons was performed via one-way
ANOVA followed by a Tukey’s HSD test for multiple comparisons. Assays incorporating single

comparisons were analyzed via Student's t-test or Welch's t-test. RNA-seq and GO enrichment
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analyses incorporated the post-hoc Benjamini-Hochberg method to control the false discovery
rate. Unless otherwise stated, statistical analyses and plots were produced using Microsoft Excel,

Venny [38] and/or R version 4.1.2.

Results

Thiamin reduces early blight severity in a dose- and time-
dependent fashion

To determine the optimal dosage of thiamin for foliar applications, we tested the effect of
five different concentrations of thiamin against A. solani lesion size via a detached leaf assay. In
two independent trials, leaflets from plants treated with 1, 5, 10, 25, and 50 mM thiamin and
mock solution were removed and inoculated with A. solani. Early blight lesion area was
attenuated at all dosage levels of thiamin, in comparison to mock-treated leaves, however
statistical significance in lesion size was observed only for the 10 mM dosage (32 and 52%
decrease in lesion size in trials 1 and 2, respectively) (Table 1). For this reason, a dosage of 10

mM was used for all subsequent experiments.

The durability of thiamin treatment in the reduction of A. solani lesion size was tested via
a detached leaf assay in which A. solani inoculations were performed at 4 vs. 28 h post-thiamin
treatment in two trials (Fig. 1A). While thiamin was effective in reducing lesion size when
leaflets were inoculated with A. solani at 4 hpt, there was no observable effect at 28 hpt,
indicating that the effect of thiamin application is transitory. Consequently, all following thiamin
treatments were performed at the optimal 10 mM concentration and with inoculations occurring

at 4 hpt.
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Utilizing the optimized thiamin dosage and timing, we surveyed the efficacy of thiamin
in priming immunity against A. solani in whole plants. We observed that thiamin reduced the
size of lesions in two additional independent trials by 34% and 32%, respectively (Fig. 1B). To
explore whether repeated thiamin applications desensitize potato to the corresponding immunity
priming, we incorporated a detached leaf assay utilizing multiple applications of thiamin. Whole
plants were sprayed with 10 mM thiamin or mock solution, and detached |eaflets were inoculated
with A. solani 4 hpt. After 7 additional days, plants were sprayed with a second application of
thiamin, and a second set of detached leaflets, that were also previously treated with thiamin or
mock solutions, were removed and inoculated with A. solani. Across the first and second
applications, thiamin reduced lesion size by 29% and 22%, respectively, suggesting that repeated
thiamin applications at the tested time points do not desensitize the plants to thiamin priming

(Fig. 1C).

To evaluate the efficacy of thiamin as a priming agent for systemic immunity against A.
solani, we designed a bagged leaf assay incorporating two cultivars of potato. Whole plants were
treated with thiamin with multiple leaves enclosed in plastic bags, to shield those leaves from
direct contact with thiamin. Bagged and unbagged leaves were removed 4 hpt and incorporated
in a detached leaf inoculation assay, from which we observed that unbagged, thiamin-treated
leaves had reduced lesion size in comparison to bagged leaves (Fig 1D). Lesions of bagged,
thiamin-treated leaves were similar to those of unbagged and bagged mock-treated leaves

suggesting that the thiamin treatments only locally reduce A. solani lesion development.
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RNA-seq experimental design

To shed light on potential regulatory and response pathways of thiamin priming against
A. solani, we utilized RNA-seq to investigate the transcriptome. Because we observed thiamin
only acts locally to attenuate early blight disease symptoms, the RNA-seq experiment was
designed to identify genes specificaly involved in local response to A. solani infection and
thiamin treatments. Namely, locally inoculated A. solani leaves were compared against non-
inoculated leaves from A. solani-inoculated plants (on distal leaves) to reduce the population of
DEGs to only plant genes involved in local, but not systemic, response to A. solani. This design
also replicates possible field conditions for early blight disease pressure, in which individua
plants could possess a mix of both locally-infected and distal, non-infected foliage. Plants were
separately treated with thiamin or mock solution, and at 4 hpt, leaves were inoculated with either
A. solani (“local”) or amock solution (“distal”), after which leaf samples were collected 12, 24,
and 48 hpi; these time points correspond to no visible lesion, beginning of lesion, and clear
lesion, respectively (Fig. S2). Furthermore, a gRT-PCR assay incorporating thiamin treatment
and A. solani infection indicated that expression of the defense marker gene PR-1 was induced
by A. solani infection, in both mock- and thiamin-treated leaves, at 24 and 48 hpi, and that
thiamin significantly induced PR-1 in non-inoculated leaves at 24 hpi (Fig. S3). For each time
point, samples were collected in four treatment groups. mock-treated and inoculated
(“mock_Alt_local”); mock-treated and non-inoculated (“mock_distal”); thiamin-treated and

inoculated (“thi_Alt_local”); and thiamin-treated and non-inoculated (“thi_distal”) (Fig. S1).

Across all samples, 88.14% of trimmed reads mapped to the potato reference genome,

and 86.67% of paired reads aligned to annotated gene models (Table S1). Principal Component
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Analysis was conducted on paired read counts aligned to genome features and revealed strong
concordance among the biological replicates (Fig. $4). Differentially expressed genes (DEGS)
were computed for four treatment comparisons (Fig. S1). To survey the local transcriptional
response to A. solani (“response to Alt (local)’), mock-treated, locally inoculated
(“mock_Alt_local”) samples were compared to samples derived from mock-treated, distal/non-
inoculated tissue (“mock_distal”). The response to A. solani was also surveyed in the context of
thiamin-treated plants (“response to Alt (thi)"), via comparison of “thi_Alt_local” to “thi_distal”.
Direct response to thiamin (“response to thi”) was assessed using samples from distal/non-
inoculated tissue: “thi_distal” vs. “mock_distal”. The response to thiamin in the context of an A.
solani infection (“response to thi (Alt)”) was aso surveyed in the background of locally
inoculated tissue (“thi_Alt_local” vs. mock_Alt local”), however only 16 DEGs were identified
at 12 hpi, 139 DEGs were identified at 24 hpi, and no DEGs were identified at 48 hpi, suggesting
that transcriptional response to A. solani largely masks the transcriptional response to thiamin.
Distributions of DEG expression fold-change and dtatistical significance by comparison group

were visualized via volcano plots (Fig. S5).

Overall transcriptional responses to A. solani and thiamin

In the “response to thi” comparison (thiamin-treated vs. non-treated samples from
distal/non-inoculated leaves), comparatively few DEGs were identified, including 111, 92, and
168 DEGs at 12, 24, and 48 hpi, respectively, with two DEGs shared across al timepoints (Fig.
2A; Tables S2-$4). The response to thiamin was also surveyed in the context of A. solani
infection (“response to thi (Alt)”), yielding 16 DEGs at 12 hpi and at 24 hpi, 139 DEGs, all

downregulated (Tables S5-S6). In “response to Alt (local)” (locally inoculated vs. distal/non-
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inoculated leaves, mock treatment), there were 2,421, 2,258, and 3,836 DEGs (Fig 2B; Tables
S7-S9), compared to 1,217, 2,576, and 2,824 in “response to Alt (thi)” (locally inoculated vs.
distal/non-inoculated leaves; thiamin treatment), at 12, 24, and 48 hpi, respectively (Fig 2C;
Tables S10-S12). A total of 1,175 DEGs were common to all 3 timepoints in “response to Alt
(local)”, in comparison to 715 DEGs common to all time points in “response to Alt (thi)” (Fig.
2B-C). In acomparison of the “response to Alt (local)” and “responseto Alt (thi)” transcriptional
responses across time points, the former exhibited a larger volume of DEGs at 12 and 48 hpi,
with the inverse observed at 24 hpi (Fig. 2D-F). However, DEGs exhibited a large degree of
overlap between both groups, with 954, 1,508, and 2,389 DEGs identified in both groups at 12,
24, and 48 hpi, respectively (Fig. 2D-F). Taken together, these results suggest a much more
robust transcriptional response to A. solani infection than thiamin treatments and a shift in

transcriptional response to A. solani in the context of thiamin pretreatment.

Thiamin treatment influences transcriptomic and

metabolomic pathways in primary metabolism

To probe potential pathways through which thiamin primes immune response, using
DEGs in the direct response to thiamin, absent pathogen (“response to thi”; Tables S2-34), we
performed Gene Ontology (GO) enrichment analysis on upregulated and downregulated DEGs
for each of the three time points. At 24 hpi, upregulation of two fatty acid desaturase genes
contributed to significant enrichment for multiple fatty acid-associated GO terms, and
upregulated glycosyl hydrolase/chitinase genes conferred enrichment for terms corresponding to
chitinases (Fig. 3A; Tables S3, S13). At 48 hpi, enriched GO terms for upregulated DEGs

corresponded to protease inhibitor and cytochrome P450 genes, as well as two peroxidases
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associated with GO terms for fatty acid alpha-oxidation and responses to ROS, SA, and nitric
oxide (NO). For downregulated genes, significantly enriched GO terms were observed only at 12
hpi and were broadly associated with photosynthesis GO terms due to a group of underlying
genes encoding chlorophyll-binding proteins (Fig. 3B; Tables S2, S13). We also analyzed the
transcriptomic response to thiamin in the context of infection (*“response to thi (Alt)”), using leaf
tissue locally infected with A. solani. A variety of significantly enriched GO terms were
identified from upregulated DEGs at 12 hpi, with most corresponding to asingle DEG (Fig. 4A;
Tables S5, S14). Downregulated DEGs conferred significant enrichment of GO terms at 12 and
24 hpi, with a number of terms associated with the chloroplast, as well as photosynthesis and
Calvin cycle processes (Fig. 4B; Tables S5-S6, S14). These results suggest a comparatively
limited transcriptional response to thiamin treatment that is at least partially masked/obscured by

A. solani infection at the tested time points.

Accumulation of ThDP, the cofactor form of thiamin, via mutation in the ThDP
riboswitch, has been shown to increase the activities of the thiamin-dependent enzymes pyruvate
dehydrogenase, a-ketoglutarate (0-KG) dehydrogenase, and transketolase [39]. Therefore, we
hypothesized that the mechanism by which thiamin primes plant defense is through changes in
thiamin-dependent metabolic pathways, presuming that conversion of thiamin to ThDP is not
rate-limiting, and that it leads to accumulation of higher ThDP cellular levels than normally
observed. Because the direct response to thiamin treatment in distal/non-inoculated leaves
yielded a limited transcriptional response, and following our observation that thiamin primes
immune response with a limited treatment window (Fig. 1A), we surmised that the metabolomic
response to foliar thiamin treatment may evolve earlier than the time course utilized in our RNA-

seq experimental design, with thiamin treatment evoking changes in metabolite content in

20



419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

advance of changes in gene expression. Accordingly, we treated plants solely with 10 mM
thiamin and surveyed the global metabolome via gas chromatography-mass spectrometry (GC-
MS), sampling at 1, 6, and 12 hpt. A total of 92 analytes were identified in thiamin- and mock-
treated samples (Fig. S6; Table S17), and significant upregulation and downregulation of these
compounds by thiamin was determined via comparison to mock-treated samples at each time

point.

At 1 hpt, we identified eight significantly upregulated compounds (Fig. 5A), including D-
erythrose-4-phosphate, a direct product of thiamin-dependent transketolase activity in the Calvin
cycle and the non-oxidative branch of the pentose phosphate pathway [40] (Fig. S7). At 1 hpt,
we also detected in thiamin-treated samples significantly increased levels of glutamate,
asparagine and putrescine, three metabolites that are synthesized from the TCA cycle
intermediates a-KG and oxal oacetate, respectively (Fig. S7). Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway enrichment analysis revealed that these eight analytes contribute to
enrichment in three metabolic pathways: “alanine, aspartate, and glutamate metabolism”, via
accumulation of asparagine and glutamate; and “glutathione metabolism” and “arginine and
proline metabolism”, via accumulation of glutamate and putrescine (Table S18). At 6 hpt, five
and 25 compounds significantly accumulated or decreased, respectively (Fig. 5B). Compounds
that decreased contributed to six distinct metabolic pathways, corresponding to metabolism of
various amino acids, galactose, and glyoxylate and dicarboxylate, as well as the citric acid cycle
(Table S18, Fig. S7). At 12 hpt, only two upregulated compounds, sulfurol and 3,5-
dihydroxyphenylglycine, were identified (Fig. 5C), with no corresponding significant pathway
enrichment. Notably, across al time points, 4-methyl-5-thiazoleethanol (ak.a. sulfurol)

significantly accumulated as a result of thiamin treatment. Sulfurol is a thiazole moiety of
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thiamin, suggesting that all or a portion of the applied thiamin was rapidly degraded. However,
GC-MS analysis revealed that the thiamin product (>98%) applied to leaves contained traces of

sulfurol, which could have contributed to the pool of sulfurol detected in leaf samples.

Transcriptional responses to A. solani infection

To validate the transcriptional response to A. solani, we performed GO enrichment
analysis utilizing the DEGs identified in “response to Alt (local)” and “response to Alt (thi)”
(Fig. 6A-B; Tables S15-S16). Upregulated DEGs in both treatment groups were found to be
significantly enriched for GO terms such as aromatic amino acid, terpene, phenylpropanoid,
lignin, and chorismate biosynthesis, fatty acid oxidation, and response to oxidative stress. At 12
hpi, the “response to jasmonic acid” term was significantly enriched only in “response to Alt
(thi)”, encompassing PR protein, lipoxygenase, JA-ZIM (JAZ) protein, ACC synthase, and
ubiquitin ligase genes, as was the “response to fungus’ term (Fig. 6A; Tables S10, S16).
Additionally, genes corresponding to phenylalanine ammonia lyase (PAL) enzymes conferred
significant enrichment of multiple PAL GO terms specifically in “response to Alt (thi)” at 12 hpi.
At 48 hpi, “response to Alt (thi)” specifically exhibited significant enrichment for certain classes
of GO terms, including: oxidative stress and lignin biosynthesis, via peroxidase genes; terpene
biosynthesis, cell death, via phospholipase genes; and responses to chitin, via genes

corresponding to U-box and LysM domain proteins.

Analysis of GO enrichment among downregulated DEGs in “response to Alt (local)” and
“response to Alt (thi)” highlighted a variety of GO terms associated with photosynthesis, such as

“light harvesting in PSl”, “response to light stimulus’, “chlorophyll binding” activity, and
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cellular component terms associated with localization to the chloroplast (Fig. 6B; Tables S15-
S16). Underlying genes comprise a range of gene products, such as chlorophyll-binding proteins,
components of photosystems | and Il, and Calvin cycle enzyme classes such as ribulose
bisphoshate carboxylases (RuBisCo) and glyceraldenyde 3-phosphate (G3P) dehydrogenases
(Tables S7-S12, S15-S16). Broadly, a pattern was observed wherein “response to Alt (local)”
downregulated DEGs were enriched for photosynthesis-related functions and components by 12
hpi. However, thiamin treatment conferred a possible delay in this effect, with “response to Alt
(thi)” downregulated DEGs exhibiting similar enrichments starting at 24 hpi, instead (Fig. 6B).
Additionally, “response to Alt (thi)” downregulated DEGs were significantly enriched for
multiple GO terms related to primary metabolism. At 48 hpi, downregulation of glycolytic
fructose 1,6-bisphosphate (FBP) aldolase and G3P dehydrogenase genes yielded significant
enrichment for GO terms corresponding to reductive pentose phosphate cycle and FBP processes
and activities (Fig. 6B; Tables S12, S16). Interestingly, such downregulation was not observed in
“response to Alt (local)”, indicating a direct effect of thiamin treatment on primary metabolic

pathways.

Discussion

Presently, control for biotic diseases of potato generaly involves a combination of
cultural and chemical methods, as well as the development of resistant potato varieties through
breeding. Because such methods can be ineffective or expensive, or can carry detrimental
environmental and health effects, it isimportant to evaluate alternative strategies to protect plants
against microbial pathogens. Chemical immunity inducers are compounds that prime defense

responses when applied to plant. In this study, we investigated thiamin, also known as vitamin
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B1, for its ability to induce immunity in potato to the fungal pathogen A. solani. Previous studies
have tested the utility of thiamin treatments in several different plant-pathogen systems, but in
potato, such work has thus far been limited to Potato Virus Y [28]. Furthermore, while aspects of
thiamin-conferred disease resistance have been characterized through biochemical and
histochemical assays [26, 41, 42], as well as genetically, via mutants and marker genes [23, 25,
42], the transcriptomics and metabolomics of immune priming by thiamin have not previously
been investigated. Therefore, we sought to evaluate the effectiveness and potential modes of
action of thiamin as a priming agent in potato, incorporating surveys of transcriptomic and

metabolic responses via RNA-seq and GC-M S, respectively.

Utilizing detached leaf and whole plant assays, we observed that 10 mM was an optimal
concentration for foliar applications of thiamin, yielding consistent reductions (32-52%) of foliar
lesion area caused by the fungal pathogen A. solani (Table 1; Fig. 1B-C). This concentration is
within the range of concentrations that have been reported in other phytopathosystems [23, 26].
We found that the protection provided by thiamin treatments was short lived, wherein protection
against A. solani was abated when inoculations were performed later than 4 hpt (Fig. 1A). These
results contrast with a previous study, in which thiamin conferred resistance to Magnaporthe
grisea in rice, as well as Pseudomonas syringae in Arabidopsis, for up to 15 days after
application [22]. This short-lived effect may be attributed to the rapid degradation of thiamin to
its moieties, as indicated by the accumulation of 4-methyl-5-(2-hydroxyethyl)thiazole (sulfurol),
the thiazole moiety of thiamin, shortly after foliar application (Fig. 5), athough further
guantification is needed to assess the contribution of the thiamin product to the detected sulfurol.
Additionally, we observed that reapplication of thiamin one week post-initial treatment still

conferred enhanced resistance (Fig. 1C), indicating that thiamin may be repeatedly applied to
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provide protection. However, additional application frequencies should be tested for strength and

duration of immune priming.

We incorporated a bagged-leaf inoculation assay to evaluate the induction of systemic
acquired resistance (SAR) by thiamin treatment and confirmed that thiamin immune priming
does not act systemically (Fig. 1D). Conversely, previous studies utilizing different plant species
observed thiamin-induced SAR responses after thiamin treatment. However, in these studies,
SAR induction was indirectly measured, namely through monitoring of expression of SAR
marker genes such as PR-1, instead of via direct disease assays [22, 26, 43]. Additionally, a
study evaluating the activation of SAR by arachidonic acid in potato illustrated that arachidonic
acid induced SAR againg early and late blight, but only a local accumulation of SA, and no
accumulation of PR-1 proteins in systemic tissues [44]. Via our gene expression analyses, we
observed that application of thiamin induced expression of PR-1 in non-inoculated plants at 24
hpi and enhanced the expression of PR-1 in proximal tissue in response to A. solani at 48 hpi.
Therefore, further evaluations of thiamin-induced SAR in potato may be augmented by
incorporating additional experimental approaches, including alternative dosages and
pathosystems, as well as broader surveys of SAR markers and putative mobile signals in

proximal and distal tissues[45].

Utilizing RNA-seq and GO enrichment analysis to explore potential regulatory and
response pathways activated by thiamin during immune priming, we observed thiamin to induce
transcription of genes corresponding to chitinases, peroxidases, and protease inhibitors on distal,
non-inoculated leaves (Fig. 3A; Tables S3-$4, S13). In response to A. solani infection, we found
that thiamin treatment enhanced transcription of a variety of gene classes associated with
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pathogen defense, such as the biosynthesis of SA and phenylpropanoids, as indicated by
enrichment for GO terms corresponding to shikimate biosynthesis and PAL activity, as well as
peroxidases, PR proteins, U-box proteins, JAZ proteins, and chitinases, findings that are
indicative of enhanced immune response, in comparison to mock-treated, A. solani-inoculated
plants (Fig. 6; Tables S6-S11, S15-S16). Transcription of SA pathway, PR, and chitinase genes
is well characterized in the context of plant-pathogen interactions, and a recent study reported
activation of these gene classes, as well as the requirement of SA signaling, particularly in
response to A. solani infections of potato [46]. The upregulation of genes involved in the
biosynthesis of shikimate, a precursor of chorismate and substrate for SA and phenylalanine
biosynthesis, uniquely in “response to Alt (thi)” at 12 hpi (i.e., without corresponding enrichment
in “response to Alt (local)”) indicates that thiamin treatment may provide a boost towards
defense responses in the first hours after inoculation. It is noteworthy that erythrose-4-phosphate,
a precursor of shikimate produced by thiamin-dependent transketolases, was observed to
accumulate 1 h post-thiamin treatment, absent pathogen challenge (Fig. 5A). Upon A. solani
inoculation, higher thiamin availability may facilitate increased flux towards erythrose-4-
phosphate, and subsequently shikimate biosynthesis, possibly necessitating increased expression
of shikimate biosynthesis genes, suggesting a potential point of control of plant defense by

thiamin.

Peroxidases have been characterized for diverse enzymatic functions within the cell, but
are notably associated with the detoxification of ROS, which is generated during pathogen
defense signaling and the cell death response; peroxidase genes have previously been observed
to be upregulated in response to A. solani infections of potato [47, 48]. We also identified

significant enrichment of genes, largely encoding phospholipase A2 proteins, involved in fatty
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acid metabolism at 48 hpi in “response to Alt (thi)” (Fig. 6A; Tables S12, S16). Furthermore,
upregulated peroxidase- and fatty acid desaturase-encoding genes also contributed to enrichment
of fatty acid metabolism functions in non-inoculated, thiamin-treated (“response to thi”) leaves at
48 hpi, and upregulated genes in these classes were identified at 12 and 24 hpi as well (Fig. 3;
Tables S2-34, S13). The phytohormone jasmonic acid (JA) is an integral part of defense against
A. solani infections of potato, and fatty acids are precursors for JA (51, 52). Notably, in
“response to thi” we observed upregulation of candidate JA biosynthesis genes encoding
lipoxygenases (12 and 48 hpi) and an alene oxide synthase (48 hpi) (Tables S2, $4).
Furthermore, we identified enrichment for the “response to jasmonic acid’” GO term in “response
to Alt (thi)” at 12 hpi (Fig. 6A; Table S16). These findings convey that, absent local pathogen
infection, thiamin may prime immune response via activation of JA biosynthesis and signaling
pathways, and upon infection, may act to activate these pathways at an earlier stage of the plant-

pathogen interaction.

One of the most apparent consequences of thiamin treatment, in the context of infection
with A. solani, is the temporal shift in the attenuation of photosynthesis-related gene expression.
Photosynthesis metabolism can be highly modified by the immune response in plants, wherein
crosstalk with defense phytohormones and ROS produces a shift in metabolic resources to mount
a defense against pathogens [49, 50]. While GO enrichment analysis of downregulated DEGs
indicated a broad reduction in expression of photosynthesis genes, such as chlorophyll-binding
protein, photosystem (PS) component, and Calvin cycle enzyme genes, at 12 hpi, this effect was
delayed in “response to Alt (thi)” leaves, with asimilar pathway enrichment emerging instead at
24 hpi instead (Fig 6B; Tables S15-S16). Interestingly, thiamin also attenuated expression of

chlorophyll-binding protein genes in non-inoculated (“response to thi”) leaves, conferring
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enrichment of photosynthesis GO terms, at 12 hpi (Fig. 3B; Tables S2, S13). In the A. solani-
inoculated background (“response to thi (Alt)”), downregulation of chlorophyll and PS
component and RuBisCo genes conferred GO term enrichments at 24 hpi (Fig. 4B; Tables S6,
S14). Important defense phytohormones and signaling molecules like JA and nitric oxide are
partially synthesized in the chloroplasts, and upon infection, transcriptional reprogramming is
essential to produce these pro-defense molecules [51, 52]. Biosynthesis of fatty acids and
aromatic amino acids is also compartmentalized to chloroplasts [53], and per our observations,
expression of genes associated with metabolism of fatty acids and derivatives of aromatic amino
acidsis activated by pathogen infection and further enhanced by thiamin treatment. Accordingly,
thiamin treatment is likely attenuating photosynthesis prior to infection with A. solani, priming
defense activities againg future infection, and/or enhancing immune response post-infection,
possibly with an accompanying shift from photosynthesis to lipid and aromatic amino acid

metabolism in the chloroplast.

Through “response to Alt (thi)” samples, we also observed thiamin to further suppress the
expression of genes involved in primary metabolism, including G3P dehydrogenases and FBP
aldolases, at 48 h-post A. solani infection (Fig. 6B; Tables S12, S16). Primary metabolic
pathways such as glycolysis, the citric/tricarboxylic acid (TCA) cycle, and the pentose phosphate
cycle are closely intertwined with photosynthesis, and ThDP is a known cofactor for key
enzymes in these pathways, including transketolase, pyruvate dehydrogenase, and o-KG
dehydrogenase [20]. Interestingly, three intermediates of the citric acid cycle, i.e, a-KG,
fumarate and succinate, were depleted at 6 hpt compared to the control, suggesting an overall
decrease in the flux of pyruvate towards the citric acid cycle, despite that two thiamin-dependent

enzymes, pyruvate dehydrogenase and a-KG dehydrogenase, contribute to this pathway. Valine
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and leucine pools were also depleted at 6 hpt. In this case, increased activity of thiamin-
dependent branched-chain a-ketoacid dehydrogenases, which catalyze the decarboxylation of the
branched-chain a-ketoacids derived from valine and leucine (and isoleucine), may have
contributed to increased degradation rate of valine and leucine, thereby decreasing their pools.
Therefore, the priming of immune activity by thiamin may also result from a perturbation of
primary metabolism that consequently shifts resources to activate pathogen defense pathways.
Accordingly, future research should investigate thiamin-induced metabolic reprogramming in
greater detail, focusing on the metabolite flux among the interconnected metabolic pathways that
incorporate thiamin-dependent enzyme activities, with the goal of characterizing the resulting
impacts to primary metabolism that inform the activation of immune priming by exogenous

applications of thiamin.

Conclusions

In conclusion, we have shown that foliar applications of thiamin decrease the size of lesions
caused by the necrotrophic fungal pathogen A. solani in potato, indicating that thiamin could be
included as part of an early blight management plan. However, additional field-scale research is
warranted to test its efficacy in a commercial production environment. Through metabolites
analyses, we have also shown that the mode of action of thiamin in priming plant defenses in the
absence of A. solani involves afirst phase where some metabolic intermediates of the TCA and
Calvin cycles accumulate, followed by a second phase that seems to reverse course with
decreased accumulation of some TCA cycle intermediates. Furthermore, transcriptomic analyses
showed that this second phase is followed by repression of the expression of genes involved in

photosynthesis by thiamin, and the increased expression of defense genes, such as JA-associated
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genes. Upon A. solani infection, thiamin delayed repression of the expression of photosynthesis-
associated genes, further repressed the expression of genes involved in primary metabolism, and

further enhanced the expression of genes associated with plant defenses.
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(DEGS) in "response to thi (Alt)."
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(DEGS) in "response to Alt (local).”

Table S16. Enriched GO terms identified in DEGs in "response to Alt (thi)."

Table S17. Metabolite concentrations in leaf samples in thiamin- or mock-treated plants at 1, 6
and 12 hpt as determined by GC-MS.

Table S18. Pathway enrichment of metabolomics data following thiamin treatment.

Figure S1. Schema for treatment groups (left) and comparison groups (right) for RNA-seq
differential expression analysis.

Figure S2. Pictures of lesions at 12, 24 and 48 hpi with Alternaria solani.

Figure S3. gRT-PCR gene expression analysis of PR-1.

Figure $4. Principal Component Analysis (PCA) plot of RNA-seq samples.
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Figure S5. Volcano plots for differentially expressed genes (DEGS) at 12 (left), 24 (center), and
48 (right) hours post-inoculation.

Figure S6. Heatmap of concentrations of metabolites analyzed by GC-MS. M1, M6 and M12:
mock-treated plantsat 1, 6 and 12 hpt; T1, T6 and T12: thiamin-treated plantsat 1, 6 and 12 hpt.
Data represent averages of 4 biologica replicates.

Figure S7. Smplified schema of the Calvin cycle, glycolysis, the TCA cycle, and a-ketoacids
catabolism with thiamin-dependent enzymatic steps. In orange squares are thiamin-dependent
enzymes. TK, transketolase; PDH, pyruvate dehydrogenase; KGDH, 2-oxoglutarate (a-KG)
dehydrogenase;, BCKDH, branched-chain amino acids ketodehydrogenase. A. Thiamin-
dependent pathways where metabolites accumulated at 1 hpt with thiamin (in red text). B.

Thiamin-dependent pathways where metabolites decreased at 6 hpt with thiamin (in blue text).

Declarations

Availability of data and materials

Raw Illumina sequencing reads are deposited at the NCBI Sequence Read Archive under the

BioProject accession number PRINA1149021.

Competing interests
The authors declare that they have no competing interests.

32



684

685

686

687

688

689

690

691

692

693

694

695

696

697

698

699

700

701

702

Funding

Trenton Berrian was supported by grants from the Western Sustainable Agriculture Research and
Education (Award No. GW22-239) and the USDA National Institute of Food and Agriculture
(Award No. 2021-38420-34064). This project was also supported by a grant from the USDA-

ARS/State Partnership program to CRC and AJG.

Authors’ contributions

T.B., M.F.,, C.C. and A.G. designed the experiments. T.B. collected the samples. T.B. and M.F.
performed the laboratory experiments. C.R. and JA. contributed the GC-MS analyses. T.B.,
M.F., C.C. and A.G. analyzed the data. T.B., M.F. and A.G. wrote the manuscript. C.C. revised
and edited the manuscript. C.C. and A.G. acquired the funding and supervised the project. All

authors read and approved the final manuscript.

Acknowledgments

We would like to thank Dr. Barry Pryor (University of Arizona) for donating Alternaria solani

isolate used in this study.

References

1. Abuley 1K, Nielsen BJ. Evaluation of models to control potato early blight
(Alternaria solani) in Denmar k. Crop Protection 2017, 102:118-128.
2. Rotem J The genus Alternaria: biology, epidemiology, and pathogenicity: American

Phytopathological Society; 1994.

33



703

704

705

706

707

708

709

710

711

712

713

714

715

716

717

718

719

720

721

122

723

724

725

10.

11.

Waals JEVd, Korsten L, Aveling TAS: A review of early blight of potato. African Plant
Protection 2001, 7:91-102.

Leminger JH, Hausladen H: Early Blight Control in Potato Using Disease-Orientated
Threshold Values. Plant Disease 2012, 96:124-130.

Runno-Paurson E, Loit K, Hansen M, Tein B, Williams IH, Mand M: Early blight
destroys potato foliage in the northern Baltic region. Acta Agriculturae Scandinavica,
Section B— Soil & Plant Science 2015, 65:422-432.

Vloutoglou I, Kalogerakis SN: Effects of inoculum concentration, wetness duration
and plant age on development of early blight (Alternaria solani) and on shedding of
leavesin tomato plants. Plant Pathology 2000, 49:339-345.

Horsfield A, Wicks T, Davies K, Wilson D, Paton S: Effect of fungicide use strategies
on the control of early blight (Alternaria solani) and potato yield. Australasian Plant
Pathology 2010, 39:368.

Rosenzweig N, Olaya G, Atallah ZK, Cleere S, Stanger C, Stevenson WR: Monitoring
and Tracking Changes in Sensitivity to Azoxystrobin Fungicide in Alternaria solani
in Wisconsin. Plant Disease 2008, 92:555-560.

Davidson RD, Houser AJ, Haslar R: Control of Early Blight in the San Luis Valley,
Colorado. American Journal of Potato Research 2016, 93:43-49.

Ydlareddygari SKR, Taylor RJ, Pasche JS, Gudmestad NC: Quantifying Control
Efficacy of Fungicides Commonly Applied for Potato Early Blight Management.
Plant Disease 2019, 103:2821-2824.

Fairchild KL, Miles TD, Wharton PS: Assessing fungicide resistance in populations of

Alternariain Idaho potato fields. Crop Protection 2013, 49:31-39.

34



726

727

728

729

730

731

732

733

734

735

736

737

738

739

740

741

742

743

744

745

746

147

12.

13.

14.

15.

16.

17.

18.

Alavanja MCR, Hofmann JN, Lynch CF, Hines CJ, Barry KH, Barker J, Buckman DW,
Thomas K, Sandler DP, Hoppin JA et al: Non-Hodgkin Lymphoma Risk and
Insecticide, Fungicide and Fumigant Use in the Agricultural Health Study. PL0S
ONE 2014, 9:e109332.

Bozdogan A: Assessment of Total Risk on Non-Target Organisms in Fungicide
Application for Agricultural Sustainability. Sustainability 2014, 6:1046-1058.

Xue W, Haynes KG, Qu X: Characterization of Early Blight Resistance in Potato
Cultivars. Plant Disease 2019, 103:629-637.

Kulikov SN, Alimova FK, Zakharova NG, Nemtsev SV, Varlamov VP:. Biological
preparations with different mechanisms of action for protecting potato against
fungal diseases. Applied Biochemistry and Microbiology 2006, 42:77-83.

Stridh LJ, Mostafanezhad H, Andersen CB, Odilbekov F, Grenville-Briggs L, Lankinen
A, Liljeroth E: Reduced efficacy of biocontrol agents and plant resistance inducers
against potato early blight from greenhouse to field. Journal of Plant Diseases and
Protection 2022, 129:923-938.

Jindo K, Evenhuis A, Kempenaar C, Pombo Sudré C, Zhan X, Goitom Teklu M, Kessel
G: Review: Holigtic pest management against early blight disease towards
sustainable agricultur e. Pest Management Science 2021, 77:3871-3880.

Olanya OM, Honeycutt CW, He Z, Larkin RP, Halloran M, Frantz JM: Early and Late
Blight Potential on Russet Burbank Potato as Affected by Microclimate, Cropping
Systems and Irrigation Management in Northeastern United States. In: Sustainable

Potato Production: Global Case Studies. Springer Netherlands; 2012: 43-60.

35



748

749

750

751

752

753

754

755

756

757

758

759

760

761

762

763

764

765

766

767

768

769

19.

20.

21.

22.

23.

24,

25.

26.

Boubakri H, Gargouri M, Mliki A, Brini F, Chong J, Joara M: Vitamins for enhancing
plant resistance. Planta 2016, 244:529-543.

Goyer A: Thiamine in plants: aspects of its metabolism and functions. Phytochemistry
2010, 71:1615-1624.

Rapala-Kozik M: Vitamin By (Thiamine): A cofactor for enzymes involved in the
main metabolic pathways and an environmental stress protectant. In: Biosynthesis of
vitamins in plants: Vitamins A, B1, B2, B3, B5. Edited by Rebellle F, Douce R, vol. 58.
London: Academic Press Ltd-Elsevier Science Ltd; 2011: 37-91.

Ahn I-P, Kim S, Lee Y-H: Vitamin B1 Functions as an Activator of Plant Disease
Resistance. Plant Physiology 2005, 138:1505-1515.

Ahn I-P, Kim S, Lee Y-H, Suh S-C: Vitamin B1-Induced Priming Is Dependent on
Hydrogen Peroxide and the NPR1 Gene in Arabidopsis. Plant Physiology 2007,
143:838-848.

Huang W-K, Ji H-L, Gheysen G, Kyndt T: Thiamine-induced priming against root-
knot nematode infection in rice involves lignification and hydrogen peroxide
generation. Molecular Plant Pathology 2016, 17:614-624.

Bahuguna RN, Joshi R, Shukla A, Pandey M, Kumar J Thiamine primed defense
provides reiable alternative to systemic fungicide carbendazim against sheath
blight disease in rice (Oryza sativa L.). Plant Physiology and Biochemistry 2012,
57:159-167.

Boubakri H, Wahab MA, Chong J, Bertsch C, Mliki A, Soustre-Gacougnolle I:

Thiamine induced resistance to Plasmopara viticola in grapevine and elicited host—

36



770

771

772

773

774

775

776

77

778

779

780

781

782

783

784

785

786

787

788

789

790

791

27.

28.

29.

30.

31

32.

33.

34.

35.

defense responses, including HR like-cell death. Plant Physiology and Biochemistry
2012, 57:120-133.

Abdel-Monaim M: Role of Riboflavin and Thiamine in Induced Resistance Against
Char coal Rot Disease of Soybean. Egyptian Journal of Phytopathology 2011, 39:1-23.
Vinchess AC, Rondon SI, Goyer A: Priming potato with thiamin to control potato
virus Y. AmJ Potato Res 2017, 94:120-128.

Andersen B, Dongo A, Pryor BM: Secondary metabolite profiling of Alternaria dauci,
A. porri, A. solani, and A. tomatophila. Mycological Research 2008, 112:241-250.
Schneider CA, Rasband WS, Eliceiri KW: NIH Image to ImageJ: 25 years of image
analyss. Nature Methods 2012, 9:671-675.

Livak KJ, Schmittgen TD: Analysis of relative gene expression data using real-time
guantitative PCR and the 2(T)(-Delta Delta C) method. Methods 2001, 25:402-408.
Andrews S: FASTQC. A quality control tool for high throughput sequence data. In.;
2010.

Martin M: Cutadapt removes adapter sequences from high-throughput sequencing
reads. EMBnetjournal 2011, 17:10.

Love MI, Huber W, Anders S: Moderated estimation of fold change and dispersion
for RNA-seq data with DESeg2. Genome Biology 2014, 15.

Bvindi C, Howe K, Wang Y, Mullen RT, Rogan CJ, Anderson JC, Goyer A: Potato
Non-Specific Lipid Transfer Protein StnsL TPI.33 Is Associated with the Production
of Reactive Oxygen Species, Plant Growth, and Susceptibility to Alternaria solani.

Plants-Basel 2023, 12.

37



792

793

794

795

796

797

798

799

800

801

802

803

804

805

806

807

808

809

810

811

812

813

36.

37.

38.

39.

40.

41.

42.

Davies AN: The new Automated Mass Spectrometry Deconvolution and
I dentification System (AMDIS). In: 1998; 1998.

Benjamini Y, Hochberg Y: Controlling the False Discovery Rate: A Practical and
Power ful Approach to Multiple Testing. Journal of the Royal Satistical Society: Series
B (Methodological) 2018, 57:289-300.

Oliveros J C: VENNY. An interactive tool for comparing lists with Venn diagrams.

http://bioi nfogpcnbcsi ces/tool s/venny/indexntml 2007.

Bocobza SE, Malitsky S, Araujo WL, Nunes-Nesi A, Meir S, Shapira M, Fernie AR,
Aharoni A: Orchestration of thiamin biosynthesis and central metabolism by
combined action of the thiamin pyrophosphate riboswitch and the circadian clock in
Arabidopsis. Plant Cell 2013, 25:288-307.

Sharkey TD: Pentose Phosphate Pathway Reactions in Photosynthesizing Cells. Cells
2021, 10.

Zhou J, Sun A, Xing D: Modulation of cellular redox status by thiamine-activated
NADPH oxidase confers Arabidopss resistance to Sclerotinia sclerotiorum. Journal
of Experimental Botany 2013, 64:3261-3272.

Boubakri H, Poutaraud A, Wahab MA, Clayeux C, Batenweck-Guyot R, Steyer D,
Marcic C, Mliki A, Soustre-Gacougnolle I: Thiamine modulates metabolism of the
phenylpropanoid pathway leading to enhanced resistance to Plasmopara viticola in
grapevine. BMC Plant Biology 2013, 13:31.

Zhou XT, JiaLJ, Wang HY, Zhao P, Wang WY, Liu N, Song SW, Wu Y, Su L, Zhang J

et al: The potato transcription factor Stb<scp>ZIP</scp>61 regulates dynamic

38



814

815

816

817

818

819

820

821

822

823

824

825

826

827

828

829

830

831

832

833

834

835

836

45.

46.

47.

48.

49,

50.

biosynthesis of salicylic acid in defense against Phytophthora infestans infection. The
Plant Journal 2018, 95:1055-1068.

Coquoz J, Buchala A, Meuwly P, Metraux J. Arachidonic acid induces local but not
systemic synthesis of salicylic acid and confers systemic resistance in potato plantsto
Phytophthora infestans and Alter naria solani. Phytopathology 1995, 85:1219-1224.
Kachroo A, Kachroo P: Mobile signals in systemic acquired resistance. Curr Opin
Plant Biol 2020, 58:41-47.

Brouwer SM, Odilbekov F, Burra DD, Lenman M, Hedley PE, Grenville-Briggs L,
Alexandersson E, Liljeroth E, Andreasson E: Intact salicylic acid signalling isrequired
for potato defence against the necrotrophic fungus Alternaria solani. Plant Mol Biol
2020, 104:1-19.

Gullner G, Komives T, Kirdly L, Schroder P: Glutathione S-Transferase Enzymes in
Plant-Pathogen I nteractions. Front Plant Sci 2018, 9.

Sgeevan RS, Abdemeguid |, Saripela GV, Lenman M, Alexandersson E:
Comprehensive transcriptome analysis of different potato cultivars provides insight
into early blight disease caused by Alternaria solani. BMC Plant Biology 2023,
23:130.

Yang H, Luo P: Changesin Photosynthesis Could Provide Important Insight into the
I nter action between Wheat and Fungal Pathogens. International Journal of Molecular
Sciences 2021, 22:8865.

Zhu J, Li M, Clough S: Similarities and differencesin global gene expression profiles
between herbicide-and pathogen-induced PSII inhibition. J Plant Biochem Physiol

2015, 3:1-9.

39



837

838

839

840

841

842

843

844

845

846

847

ol

52.

53.

Serrano |, Audran C, Rivas S: Chloroplasts at work during plant innate immunity.
Journal of Experimental Botany 2016, 67:3845-3854.

Jasid SN, Simontacchi M, Bartoli CG, Puntarulo S: Chloroplasts as a Nitric Oxide
Cellular Source. Effect of Reactive Nitrogen Species on Chloroplastic Lipids and
Proteins. Plant Physiology 2006, 142:1246-1255.

Kim HU: Lipid Metabolism in Plants. In: Plants (Basdl). vol. 9. Switzerland; 2020.

40



848

849

850

851

852

853

854

855

856

857

858

859

860

861

862

863

864

865

866

867

868

869

Figure legends

Fig 1. Effects of thiamin foliar application on lesions caused by A. solani. (A) Average lesion
area of A. solani on plants treated with either 10 mM thiamin or a mock solution and inoculated
either 4 or 28 h after treatment in two independent trials. Spore concentrations (spores per mL)
were 21,563 (4 h) and 24,688 (24 h) for trial 1, and 16,785 (4 h) and 18,125 (24 h) for trial 2. (B)
Average lesion area of A. solani on whole plants treated with either 10 mM thiamin or mock
solution and inoculated 4 hr after treatment in two independent trials. Spore concentrations
(spores per mL) were 15,469 and 17,813 for trial 1 and tria 2, respectively. (C) Average lesion
area of A. solani in plants treated with one or two thiamin foliar applications. The second thiamin
application was done seven days after the first one on the same plants. Spore concentrations
(spores per mL) were 15,468 and 21,562 for trial 1 and tria 2, respectively. (D) Average lesion
area of A. solani on bagged and unbagged leaves from plants treated with thiamin or a mock
solution as determined by detached leaf assay. Spore concentration (spores per mL) was 5,875.
Treatments: MB = Bagged leaves from mock plants, MU = Unbagged leaves from mock plants,
TB = Bagged leaves from thiamin-treated plants, TU = Unbagged leaves from thiamin-treated
plants. Varieties: RB = Russet Burbank, RN = Russet Norkotah. All data are means + SEE. of
four biological repetitions, except (D) which had three and six biological replicates for mock-
and thiamin-treated plants, respectively. Asterisks indicate a p-value of < 0.05 (*) or < 0.01 (**)
when compared to mock treatment as determined by Student t-test, except for (D) where Welch’'s

T test was used for comparing MU vs. TU and MU vs. TB.

Fig 2. Comparison of differentially expressed genes (DEGS) between treatment groups and

timepoints. (A) Number of DEGs in “response to thi” (thi_distal vs. mock_distal) at 12, 24, and
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48 hpi. (B) Number of DEGs in “response to Alt (local)” (mock_Alt_local vs. mock distal) at
12, 24, and 48 hpi. (C) Number of DEGs in “response to Alt (thi)” (thi_Alt_local vs. thi_distal)
at 12, 24, and 48 hpi. (D-F) Comparisons of DEGs between mock- and thiamin-treated plantsin
response to A. solani (“response to Alt (local)” and “response to Alt (thi)”) at 12 (D), 24 (E), and

48 (F) hpi.

Fig 3. GO term enrichment of upregulated (A) and downregulated (B) DEGs in “response to
thi”. DEGs were selected on the basis of |logz(fold-change)| > 2 and adjusted p-value < 0.05.
Enriched GO terms were selected on the basis of adjusted p-value (APV) < 0.05. [column rows].
“hpi”, hours post-inoculation. “tAPV”, -logie-transformed APV. “FE”, fold-enrichment. Blue-
shaded terms, “Biological Process’; orange-shaded terms, “Cellular Component”; green-shaded

terms, “Molecular Function”.

Fig 4. GO term enrichment of upregulated (A) and downregulated (B) DEGs in “response to thi
(Alt)". DEGs were selected on the basis of |log2(fold-change)| > 2 and adjusted p-value < 0.05.
Enriched GO terms were selected on the basis of adjusted p-value (APV) < 0.05. “hpi”, hours
post-inoculation. “tAPV”, -logl0-transformed APV. “FE”, fold-enrichment. Blue-shaded terms,
“Biological Process’; orange-shaded terms, “Cedlular Component”; green-shaded terms,

“Molecular Function”.

Fig 5. Volcano plots of metabolite concentrations in leaves of thiamin-treated versus mock-

treated plants a 1 (A), 6 (B) ad 12 (C) hpt. “FC’, fold change
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Fig 6. GO term enrichment of DEGs in “response to Alt (local)” (m_A) and “response to Alt
(thi)” (t_A). DEGs were selected on the basis of [logy(fold-change)| > 2 and adjusted p-value <
0.05. Enriched GO terms were selected on the basis of adjusted p-value (APV) < 0.05. “hpi”,
hours post-inoculation. “tAPV”, -logie-transformed APV. “FE”, fold-enrichment. Blue-shaded
terms, “Biological Process’; orange-shaded terms, “Cellular Component”; green-shaded terms,

“Molecular Function”.
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Table 1. Average lesion area of A. solani on plants treated with increasing concentrations of
thiamin in two independent trials. Data are means + S.D. of four biological replicates. Identical
letters indicate no statistical difference between treatments as determined by ANOVA and

Tukey’'s test. Spore concentrations were 21,641 and 27,188 spores per mL in tria 1 and 2,

respectively.
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