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Abstract 43 
 44 

Potato virus Y (PVY) is a major potato pathogen affecting potato yields worldwide. Thiamin, a 45 

water-soluble B vitamin (vitamin B1) has been shown to boost the plant’s immunity, thereby 46 

increasing resistance against pathogens. In this study, we tested different concentrations of thiamin 47 

(1 mM, 10 mM, 50 mM, 100 mM) and multiple thiamin applications (once, biweekly and 48 

monthly,) on potato resistance to PVY in Ranger Russet potatoes. Plants were mechanically 49 

inoculated with PVYN:O. This PVY strain is known for causing well-defined foliar symptoms. We 50 

collected leaflets weekly through April and May 2014 and tested them with an enzyme-linked 51 

immunosorbent assay specific to PVY as well as by real time quantitative RT-PCR. These assays 52 

allowed us to determine the presence and level of PVY in different parts of the plants. We found 53 

that the highest thiamin concentration treatment (100 mM) produced the lowest virus level in 54 

potatoes across all dates and leaflet samples. Also, it was found that multiple applications of 55 

thiamin had a positive effect on reducing virus level, especially when thiamin was applied every 56 

four weeks.  57 

 58 
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Introduction 85 

 86 

Potato virus Y (PVY), the type member of the genus Potyvirus of the family Potyviridae, is an 87 

economically important disease of potato with a worldwide distribution, causing significant losses 88 

in solanaceous crops. There are many strains of PVY, including the common (ordinary) strain 89 

(PVYO), the tobacco veinal necrotic strain (PVYN), the recombinant N:O strain (PVYN:O), and the 90 

non-recombinant potato tuber necrotic strain (PVYNTN) (Karasev and Gray 2013a, Karasev and 91 

Gray 2013b, Nie et al. 2012). Each potato cultivar responds differently to each strain or isolate of 92 

the virus (Rowley et al. 2014). Generally, symptom detection and recognition is relied upon to 93 

manage and control PVY and its spread in a potato field. However, some isolates may produce 94 

mild foliar symptoms but may display severe symptoms in tubers (Nie et al. 2012, Rowley et al. 95 

2014). Symptoms expressed in plants infected with PVYO include mosaic, leaf and stem necrosis, 96 

and leaf drop (Nie et al. 2012). With PVYN, the symptoms tend to be milder ranging from no 97 

symptoms at all to mosaic, veinal, petiole, and stem necrosis, and possibly premature leaf death 98 

(Nie et al. 2012). PVYNTN elicits similar symptoms to PVYN with additional mosaic and chlorotic 99 

mottling (Nie et al. 2012). If the plant dies prematurely no tubers are produced and yield is 100 

decreased (Nie et al. 2012). The necrotic strains can lead to Potato Tuber Necrotic Ringspot 101 

Disease, or PTNRD, resulting in lesions on tuber skins and internal necrosis which makes the 102 

tubers commercially unacceptable.  103 

PVY is a virus transmitted by aphids in a non-persistent manner (Nanayakkara et al. 2012). 104 

The most efficient aphid vector is Myzus persicae Sulzer (Hemiptera: Aphididae), the Green Peach 105 

Aphid, though many other species are vectors of PVY. Chemical control is not effective because 106 

the aphid can inoculate a plant with PVY faster than any insecticide could control it. The window 107 

between inoculation and infection is too short for chemical control to be effective.  108 

One attractive strategy for disease control is to boost the plant’s immune system to protect 109 

against attempted invasions by pathogens (Conrath 2009, Conrath et al. 2015, Conrath et al. 2002). 110 

The enhanced capacity of the plants to express pertinent defense mechanisms is called priming, 111 

and can be triggered by application of defense activators. Some of the best known priming-active 112 

compounds are the synthetic chemical benzo (1,2,3) thiadiazole-7-carbothioic acid S-methyl ester 113 

(BTH) and the nonprotein amino acid β-aminobutyric acid (BABA), which were shown to induce 114 

tolerance in potato against Phytophtora infestans, Alternaria solani, and Fusarium spp. (Beckers 115 

and Conrath 2007).  116 

One of the newly identified defense activators is thiamin. Thiamin, also known as vitamin 117 

B1, has been shown to boost the plant’s immunity to diseases in several crops. For instance, thiamin 118 

induced resistance to Plasmopara viticola in grapevine (Boubakri et al. 2012), to sheath blight 119 

disease and bacterial leaf blight in rice (Ahn et al. 2005, Bahuguna et al. 2012), to Pepper mild 120 

mottle virus in tobacco (Ahn et al. 2005), and to anthracnose in cucumber (Ahn et al. 2005). More 121 

recently, thiamin treatments alleviated aphid infestations in barley and pea (Hamada and Jonsson 122 

2013). Priming with thiamin against Pseudomonas syringae pv tomato in Arabidopsis was shown 123 

to be dependent on salicylic acid, hydrogen peroxide accumulation, and NPR1 (nonexpressor of 124 

Pathogenesis-Related genes 1) (Ahn et al. 2007). In grapevine, thiamin treatment also triggered 125 

hydrogen peroxide accumulation, callose deposition in stomata cells, total phenolics accumulation, 126 

phenylalanine ammonia lyase (PAL) and superoxide dismutase (SOD) activities, and 127 

hypersensitive response (HR)-like cell death (Boubakri et al. 2013, Boubakri et al. 2012). Thiamin 128 

was also shown to activate NADPH oxidase (NOX) and trigger the accumulation of NOX-129 
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generated reactive oxygen species in Arabidopsis plants infected with Sclerotinia sclerotiorum 130 

(Zhou et al. 2013). 131 

There is currently no report on priming potato with thiamin. In this study, we tested the 132 

effect of thiamin application on potato resistance to PVY. We used the strain PVYN:O and the 133 

potato variety Ranger Russet. PVYN:O was used because it produces clear foliar symptoms of 134 

mosaic (mottling), chlorosis (yellowing), and leaf drop in Ranger Russet, but typically does not 135 

cause premature plant death. 136 

 137 

Materials and Methods 138 
 139 

Plant Material  140 

 141 

Virus-free potato plantlets of the variety Ranger Russet were propagated in tissue culture. After 2-142 

3 weeks on synthetic medium, fifty plantlets were transferred to 3-liters pots containing Sunshine 143 

Mix 1 supplemented with Osmocote and grown in a greenhouse in Hermiston, OR. Plants were 144 

arranged in a randomized complete block design with nine plants per each thiamin treatment and 145 

five untreated control plants. For each of the nine plants, three received the specified thiamin dose 146 

once at the beginning of the experiment, three received it every four weeks, and three received it 147 

every two weeks. With nine plants per thiamin treatment, there were three replicates of thiamin 148 

application rate.  149 

 150 

Thiamin Treatments 151 

 152 

Thiamin was sprayed with a spray bottle on the whole plant 24 h prior to inoculation with PVY 153 

one month after transferring plantlets to soil from tissue culture. Thiamin solutions contained 154 

Tween 80 at 250 mg/L. Thiamin was applied at 5 different concentrations: 0, 1, 10, 50, and 100 155 

mM. Non-inoculated untreated plants were included as healthy plant controls. Since thiamin-156 

triggered immunity was shown to last about fourteen days in Arabidopsis (Ahn et al. 2005), the 157 

effect of multiple thiamin applications was also tested. Thus, one third of the plants from each 158 

treatment (=3 plants) received thiamin applications only once (at start of experiment on April 2, 159 

2015), one third received thiamin applications twice (on April 2 and 30, 2015), and one third of 160 

the plants received thiamin applications four times (on April 2, 16 and 30, and May 14, 2015). 161 

 162 

PVY Inoculation 163 

 164 

Plants were mechanically inoculated with PVYN:O (isolate Alt (Szajko et al. 2014)) on April 2, 165 

2015, as described before (Nishimura et al. 1984). Previously inoculated and symptomatic tobacco 166 

leaves were ground in cold 30 mM potassium phosphate buffer, pH 8.0 (0.1 g infected leaf material 167 

for 10 mL phosphate buffer). Three leaflets on three leaves from the lower canopy were then dusted 168 

with carborundum and inoculated by rubbing the inoculum on the whole adaxial surface area.  169 

 170 

Leaf Sampling 171 

 172 

Leaflets were sampled and tested for PVY by ELISA (see below). Specific leaflets were sampled 173 

every week for six weeks starting two weeks after inoculation (Figure 1). Leaflet 1 represents the 174 

younger, uninoculated leaf right above the top inoculated leaf on each plant. Leaflets 2+3 were 175 
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located in the medium canopy of the plant. At 14 days post-inoculation (dpi) (April 16), leaflets 176 

4+5 were the new emerging leaves. The leaves where leaflets were collected were marked so that 177 

leaflets could be collected each week from the same leaves to test for the development and spread 178 

of PVY throughout the plant. At 26 dpi (April 28), leaflets 6+7 which were the new emerging 179 

leaves were collected. At 35 dpi (May 7), leaflets 8+9 were collected from new emerging leaves 180 

as the plant continued to grow. Leaflets 10+11 were collected 43 dpi (May 15) from new emerging 181 

leaves. There was no new emergence by five weeks post-inoculation. Leaflet 1 had fallen off of 182 

plants 26 dpi (April 28) and leaflets 2+3 had fallen off of most plants by 43 dpi (May 15). The last 183 

sampling date was 50 dpi (May 22).  184 

 185 

PVY Detection and Quantification by ELISA 186 

 187 

PVY was detected by using a triple antibody sandwich ELISA kit (ELISA Reagent Set for Potato 188 

Virus Y, Agdia). Leaflet samples were freeze-dried and then ground with a mortar and pestle and 189 

placed in 1.5 mL centrifuge tubes. Twenty milligrams of freeze-dried ground leaflet tissue were 190 

used for detection. This exact amount of material enabled us to normalize the virus titer across 191 

samples. Microreader plates were read at 1 hour and at 3 hours, and the ELISA values from the 3 192 

hour read were transformed and used in all graphs and data analyses.  193 

 194 

PVY Detection and Quantification by Real Time Quantitative RT-PCR 195 

 196 

RNAs were extracted from freeze-dried leaf samples (10 mg) in biological triplicates using TriZol 197 

(Invitrogen) according to the manufacturer’s recommendations with the following modifications. 198 

Because the RNA absorbance ratio 260/280 and 260/230 were not always satisfactory after TriZol 199 

extraction, RNAs were precipitated with one volume of 4 M LiCl overnight at 4°C. After 200 

centrifugation at 13000 rpm for 15 min, the pellet was washed with 70% ethanol, air dried, and 201 

resuspended in 40 l DEPC-treated water. RNA extracts were then treated with DNase I (Ambion) 202 

to remove any trace of genomic DNA. All RNA extracts had a final absorbance ratio 260/280 and 203 

260/230 greater than 1.8. 204 

      RNAs (1 g) were reverse transcribed to cDNAs by using M-MuLV (New England 205 

Biolabs) and an 18-mer oligonucleotide Oligo(dT)18 (Invitrogen). After dilution (four times) in 206 

RNase-free water, cDNAs (2 l) were used as template for real-time quantitative PCR using the 207 

Brilliant III Ultra-Fast SYBR Green QPCR Master Mix (Agilent Technologies) in 20-l reaction 208 

volume. PVY-specific primers were PVYF 5’-ATACTCGRGCAACTCAATCACA-3’ and 209 

PVYR 5’-CCATCCATCATAACCCAAACTC-3’ (Du et al. 2006). PVY RNAs were quantified 210 

relative to the expression of the housekeeping gene EF1 as described before (Goyer et al. 2015). 211 

EF1-specific primers were EF1a-Fwd1 5’-CTGGTATGGTTGTGACCTTTG-3’ and EF1a-Rev1 212 

5’-TTGAACCCAACATTGTCACC-3’. Primers were used at a final concentration of 500 nM. 213 

Primers efficiencies were determined by amplifying serial dilutions of cDNAs as described before 214 

(Schmittgen and Livak 2008). Efficiencies were 2.02 and 2.06 for EF1 and PVY, respectively. 215 

For each biological replicate (three replicates per condition), quantitative PCR was run in three 216 

technical replicates, so data are from 9 independent determinations. For each measurement, a 2-ΔCt 217 

value was calculated, and data are presented relative to the highest 2-ΔCt value (i.e. value found for 218 

PVY-inoculated plants treated with 0 mM thiamine at 50 dpi). 219 

 220 

Statistical Analysis 221 
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 222 

One-way ANOVA was used. Differences among treatments were determined using the Tukey’s 223 

least significant means test at a significance level of α = 0.05. 224 

 225 

Results  226 

Priming of Ranger Russet potatoes against PVYN:O was tested by spraying thiamin at five 227 

concentrations (0, 1, 10, 50, and 100 mM) and applied either once, twice, or four times over the 228 

course of the experiment (50 days). A control that was not inoculated with PVY was included. 229 

Leaflets from different canopy levels (Figure 1) were collected for PVY quantification by ELISA 230 

at various time points after PVY inoculation (14, 26, 35, 43, and 50 dpi). Thiamin concentrations 231 

had a significant effect on the virus levels within the potato plants (Table 1). The number of thiamin 232 

applications also had a significant effect on the relative virus level within the plant (Table 1). There 233 

was a significant interaction between thiamin concentrations and the number of applications (Table 234 

1). The relative virus level was significantly different depending on which leaflet was sampled 235 

(Table 1). There was a significant interaction between leaflet and concentrations (Table 1). 236 

We further analyzed our data per number of applications (Table 2 and Figures 2-4). In all 237 

treatments (one, two, or four applications), thiamin concentrations, sampling date, and leaflet 238 

position had a significant effect (Table 2). The lowest relative virus level amongst PVY-inoculated 239 

plants was found in plants treated with 100 mM thiamin, regardless of the number of thiamin 240 

applications and leaflet position (Figures 2-4). Although the virus level in plants treated with 100 241 

mM thiamin increased over time, it never reached the levels found in plants treated with other 242 

thiamin concentrations and remained at levels at least four times lower than the other treatments. 243 

We confirmed these ELISA results by real-time quantitative RT-PCR on a subset of samples 244 

shown previously in Figure 3 “Leaflets 4+5”. As shown in Figure 5, leaflets 4+5 from the 100 mM 245 

thiamin-treated plants had PVY RNA levels below 5% of those found in the 0 mM thiamin-treated 246 

plants. In addition, PVY could not be detected until 26 dpi in leaflets 1 through 5 of plants treated 247 

with 10, 50, and 100 mM thiamin, while it could be detected at 14 dpi in plants treated with 0 or 1 248 

mM thiamin (Figure 2-4). These results show that there was a delay in the increase of the relative 249 

virus level in plants treated with thiamin concentrations higher than 1 mM. The relative virus level 250 

throughout the plants was then calculated by averaging ELISA values in all sampled leaflets and 251 

sampling date and compared between thiamin concentrations (Table 3). Only plants that were 252 

treated with 100 mM thiamin consistently showed significantly lower PVY levels than plants 253 

treated with a mock solution (0 mM thiamin) regardless of the application frequency. In plants that 254 

were treated twice with 100 mM thiamin, the relative PVY level was very low and was not 255 

significantly different than that of control plants that were not inoculated with PVY (Table 3). 256 

When thiamin was applied twice, the relative PVY level in plants treated with 10 mM thiamin was 257 

significantly different than that in plants treated with a mock solution (Table 3). When thiamin 258 

was applied four times, the relative virus level was significantly lower in plants treated with 10 259 

and 50 mM thiamin compared to plants treated with a mock solution (Table 3).  260 

Leaflets collected 14 and 26 dpi had lower PVY levels than leaflets sampled 35, 43, and 261 

50 dpi (Figures 2-4), which shows the progressive increase of the relative virus level in the plant 262 

over time. This is particularly obvious in leaflets 4+5 that we were able to sample throughout the 263 

whole experiment. The emerging leaflets (4+5, 6+7, 8+9, 10+11) had higher PVY levels than mid-264 

canopy leaflets 2+3 (and possibly leaflets 1 but it was not possible to evaluate because leaflets 1 265 

dropped by 26 dpi) (Figures 2-4 and Table 1). 266 
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 267 

Discussion 268 

 269 
Thiamin application has recently been shown to increase tolerance or resistance to various stresses, 270 

abiotic or biotic, in plants (Ahn et al. 2005, Bahuguna et al. 2012, Boubakri et al. 2012, Hamada 271 

and Jonsson 2013, Tunc-Ozdemir et al. 2009). In this study, we show that application of 100 mM 272 

thiamin delayed the detection of PVY and kept the virus level in systemic leaves as low as below 273 

5% of the level found in infected plants treated with 0 mM thiamin. Thiamin applications did not 274 

have an effect on foliar symptoms except to delay their appearance in plants where relative virus 275 

level was lower.  It is noteworthy that plants treated four times during the course of the experiment 276 

(or every two weeks) with 100 mM thiamin, and some of the plants treated with 50 mM thiamin, 277 

began showing severe scorching symptoms after the last thiamin application 42 dpi. This was not 278 

the case for plants treated once or twice (or every four weeks). Therefore, future studies are 279 

warranted to determine the most appropriate number of applications to find the balance between 280 

lowering the PVY titer and preventing detrimental effect of thiamin application on plant foliage.  281 

Low and mid-canopy leaflets (leaflets 1, 2, and 3) had low, sometimes undetectable virus, 282 

while upper-canopy emerging leaflets (leaflets 4 through 11) had high relative virus level by 283 

comparison, showing that PVY did not accumulate in mature leaves but was transported to young 284 

leaves where it accumulated. These results are in agreement with previous studies that showed 285 

virus movement from source (mature) to sink (young) tissues (Rajamaki and Valkonen 2002, 286 

Roberts et al. 1997), and that PVY multiplies more rapidly in younger, more metabolically active 287 

tissues (Kogovsek et al. 2011). 288 

After initial entry into and infection of epidermal or mesophyll cells, potyviruses move 289 

from cell-to-cell through plasmodesmata and then are loaded into sieve elements for long distance 290 

transport following photoassimilates partitioning (Kogovsek et al. 2011, Rajamaki and Valkonen 291 

2002). Unloading occurs in sink tissues. The lower PVY level observed in plants treated with 100 292 

mM thiamin indicate that thiamin treatment may have interfered with entry and transport 293 

mechanisms. Indeed, thiamin application was shown to trigger callose deposition in stomata guard 294 

cells and lignin in leaf tissues (Ahn et al. 2007, Boubakri et al. 2012), thereby possibly limiting 295 

initial entry into leaf cells and cell-to-cell movement. Additional studies are necessary to depict 296 

the cellular and molecular effects of thiamin application in potato. 297 

In summary, our data show that thiamin can limit the level of PVY in the plant and suggest 298 

that thiamin may be an additional tool compatible with efficient, integrated, sustainable 299 

management of PVY in potato production systems. Further investigation is warranted to validate 300 

our findings in a field environment and determine the impact of thiamin application on yield. 301 

Future research should also focus on its potential use to control other strains of PVY and in other 302 

potato cultivars.   303 

 304 
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Figure Captions 385 
 386 

Fig. 1. Diagram of leaflet sampling. Leaflets were sampled for testing for the presence of potato 387 

virus Y (PVY) by ELISA. Specific leaflets were sampled every week for six weeks starting two 388 

weeks after PVY inoculation. Leaflet 0 represents the top inoculated leaflet. Leaflet 1 represents 389 

the leaflet above leaflet 0 on each plant. Leaflets 2+3 were located in the medium canopy of the 390 

plant. At 14 days post-inoculation (dpi) (April 16), leaflets 4+5 were the new emerging leaves. 391 

The leaves where leaflets were collected were marked so that leaflets could be collected each week 392 

from the same leaves to test for the development and spread of PVY throughout the plant. At 26 393 

dpi (April 28), leaflets 6+7, which were the new emerging leaves, were collected. At 35 dpi (May 394 

7), leaflets 8+9 were collected from new emerging leaves as the plant continued to grow. Leaflets 395 

10+11 were collected 43 dpi (May 15) from new emerging leaves. There was no new emergence 396 

by five weeks post-inoculation. Leaflet 0 had fallen off of all plants by 18 dpi (April 20). Leaflet 397 

1 had fallen off of plants 26 dpi (April 28) and leaflets 2+3 had fallen off of most plants by 43 dpi 398 

(May 15). The last sampling date was 50 dpi (May 22).  399 

 400 

Fig. 2. Relative potato virus Y (PVY) level in leaflets sampled (see Fig. 1) at various days post-401 

inoculation (dpi) and treated with thiamin concentrations (0 mM, 1 mM, 10 mM, 50 mM, 100 mM) 402 

once 24 h prior to inoculation with PVYN:O. PVY level was determined by ELISA. All plants were 403 

treated with thiamin and inoculated with PVYN:O except the control which was not treated with 404 

thiamin and not inoculated with PVY. Data are mean ELISA values per leaflet at each sampling 405 

date for all plants where thiamin was applied once, 24 hours prior to inoculation with PVYN:O.  406 

 407 

Fig. 3. Relative potato virus Y (PVY) level in leaflets sampled (see Fig. 1) at various days post-408 

inoculation (dpi) and treated with thiamin concentrations (0 mM, 1 mM, 10 mM, 50 mM, 100 mM) 409 

twice, once at the start of the experiment 24 h prior to inoculation with PVYN:O, and once 28 dpi. 410 

PVY level was determined by ELISA. All plants were treated with thiamin and inoculated with 411 

PVYN:O except the control which was not treated with thiamin and not inoculated with PVY. Data 412 

are mean ELISA values per leaflet at each sampling date for all plants where thiamin was applied 413 

twice, once at the start of the experiment 24 h prior to inoculation with PVYN:O, and once 28 dpi.  414 

 415 

Fig. 4. Relative potato virus Y (PVY) level in leaflets sampled (see Fig. 1) at various days post-416 

inoculation (dpi) and treated with thiamin concentrations (0 mM, 1 mM, 10 mM, 50 mM, 100 mM) 417 

biweekly, once at the start of the experiment 24 h prior to inoculation with PVYN:O, at 15 dpi, 28 418 

dpi, and 43 dpi. PVY level was determined by ELISA. All plants were treated with thiamin and 419 

inoculated with PVYN:O except the control which was not treated with thiamin and not inoculated 420 

with PVY. Data are mean ELISA values per leaflet at each sampling date for all plants where 421 

thiamin was applied biweekly, once at the start of the experiment 24 h prior to inoculation with 422 

PVYN:O, and 15 dpi, 28 dpi, and 43 dpi.  423 

 424 

Fig.5. Potato virus Y RNA quantification by real-time quantitative RT-PCR. All plants were 425 

treated with thiamin and inoculated with PVYN:O except the control which was not treated with 426 

thiamin and not inoculated with PVY. Samples are identical to those in Figure 3 “Leaflets 4+5”. 427 

Data are based on three biological replicates and three technical replicates, thus a total of 9 428 

determinations per sample/condition. Data represent the amount of PVY RNA relative to the 429 
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expression of the housekeeping gene eF1. Data are presented in percentage of PVY RNA relative 430 

to the sample with the highest PVY RNA detected (i.e. 0 mM thiamin, 50 dpi).  431 
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