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Introduction
Tomatoes are one of the most extensively eaten vegetables 

worldwide and according to the Food and Agricultural Organization 
4,803,680 tons of tomatoes (Solanum lycopersicum) were produced 
globally in 2012, with tomatoes accounting for $2 billion of the produce 
sold annually in the United States [1-3]. However, crop pathogens, and 
viroid pathogens in particular, have the potential to create devastating 
losses in this industry, and a pest risk analysis assessing the economic 
impact of a viroid (Potato Spindle Tuber Viroid (PSTVd)) epidemic on 
tomatoes in the European Union determined that such an occurrence 
would result in a financial loss of €5.7 million [4]. 

Viroids are small infectious agents composed of a circular single 
strand of RNA, approximately 245 to 400 nt long. PSTVd is member 
of the Pospiviroidae (one of the two viroid families) which are rod-like, 
replicate in the nucleus and are composed of five regions consisting 
of two terminal ends, as well as a central, pathogenicity, and variable 
region [5,6]. They do not code for any proteins and are unable to 
replicate without the aid of a host [7]. Likewise, as they do not encode 
any movement proteins; they rely on host movement factors to move, 
via the phloem, throughout the plant [8]. It is thought that viroid 
functions are facilitated through both structural and sequence signals, 
and multiple structural regions may be implicated in pathogenicity 
[9,10]. 

Although potato is the main host for this viroid, it has since 
emerged in other hosts (including tomato), and the viroid is capable 
of replicating within 160 species of the Solanaceae [6,11]. In addition, 
symptomless PSTVd infection has been detected in Cape gooseberry, 
pepino, and avocado, and symptomless hosts are believed to have the 
potential to contribute to the spread of this pathogen to susceptible 
hosts [6,9].

In tomatoes, minor PSTVd infection causes reduced growth and 
chlorosis, and severe infection causes stunted growth, brittle leaves, 
and fruit and flower inhibition depending on the viroid strain [6]. 

PSTVd can be transmitted easily by leaves touching each other or 
via fingertips, or by reusing tools that have come into contact with 
an infected plant [12,13]. PSTVd transmission by the aphid Myzus 
persicae (Sulz.) has been demonstrated in the presence of Potato leafroll 
virions, presumably by encapsidation within the Potato leafroll virus 
particles [14,15]. In addition, in vivo encapsidation of PSTVd by Velvet 
tobacco mottle virus particles has also been shown to have occurred 
in Nicotiana clevelandii [16]. Systemic PSTVd infection of plants that 
occurred as a result of being pollinated with diseased pollen has also 
been reported [17]. 

Seed transmission rates of 0-100% have been reported for PSTVd 
in potato, and similarly variable rates have been reported in tomato 
[17-20]. In tomato it was reported that seed harvested when only the 
male parent was infected resulted in PSTVd being transmitted to 9% 
of the seedlings, and when the female parent was infected PSTVd was 
transmitted to 6% of the seedlings. In the same study, it was determined 
that the transmission rate increased to 11% when both the parents were 
infected [20]. Others have reported a lack of seed to seedling infection; 
for example, no viroid was detected in seedlings (tested at 8, 16 and 27 
week stage) grown from infected pepper or tomato seeds [21]. Given 
the variability in reported transmission rates combined with the high 
probability of transmission occurring due to contact it is extremely 
important to evaluate and quantify the risk of seed transmission.

Infected seed may be a contributing factor in the spread of this 
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Abstract
Potato spindle tuber viroid (PSTVd) is an emerging pathogen that primarily affects members of the Solanaceae. 

The distribution of this pathogen is expanding rapidly with several countries reporting new infections in recent years. 
This pathogen is of phytosanitary concern because infected seed is thought to be one of the factors contributing 
to the spread of this disease. Thus we developed a qRT-PCR method to determine the seed infection frequency 
of PSTVd in tomato, as well as a RT-PCR method to determine the frequency of transmission of this pathogen to 
tomato seedlings. Infection frequency of PSTVd in tomato seeds from infected plants (cv. ‘Beefsteak’) ranged from 
62.3-69% and frequency of PSTVd transmission to tomato seedlings was 50.9%. Germination of the infected seed 
was significantly lower (53%) than the parent seed (98%), and we also determined that viroid titers in the infected 
seeds were significantly lower (average 173 ng/μl) than in the infected seedlings (785 ng/μl). Interestingly ~60% of 
the infected seedlings did not display any observable symptoms of PSTVd until the second or third week; however, 
plants that were grown to maturity developed severe symptoms, suggesting that a grow-out assay might not be an 
accurate method for detection of this pathogen.
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pathogen, and a recent outbreak in Queensland, Australia is believed to 
have occurred due to spread from an imported seed lot in a commercial 
greenhouse [22,23]. PSTVd has been reported in 54 Countries and 
new countries are reporting infections every year. For example, the 
Dominican Republic did not have PSTVd in tomato until a recent 
report of natural infection in 2014 [24,25]. 

Current phytosanitary requirements are not consistent among 
countries, and testing seeds for export can be exorbitantly expensive, 
particularly as some countries require as many as 20,000 seeds to be 
tested per seed lot. Thus, understanding the frequency of seed infection 
and transmission to seedlings for this pathogen is vital to informing 
phytosanitary regulations. To this end we developed a RT-PCR assay to 
detect PSTVd in tomato seedlings as well as a RT-qPCR assay to detect 
PSTVd in tomato seeds in order to assess plant-to-seed and seed-to-
seedling transmission for this economically important pathogen.

Materials and Methods
Growth chamber experiments

In order to measure seed transmission, we inoculated fifteen 
tomato plants (cv. Beefsteak) growing in 25-cm diameter pots in a 
restricted access growth chamber in the greenhouse at Iowa State 
University (ISU), under 15 hours of light per day and the temperature 
held constant at 21°C. These were inoculated at the third true leaf stage 
with PSTVd (kindly provided by Robert Owens, Beltsville Agricultural 
Research Center, Beltsville MD). A ~3 cm2 piece of infected leaf tissue 
was ground in liquid nitrogen prior to being diluted in a phosphate 
buffer (0.1 M Na2H/KH2PO4buffer) in a 1:3 ratio by volume. 
Carborundum powder was dusted on the surface of the third true leaf, 
and the inoculum was then applied to the leaf surface with a pestle. To 
confirm infection we tested a leaf from each plant for PSTVd two weeks 
after inoculation. To avoid cross contamination a new sterile disposable 
forceps (Trade Winds, Inc., Pleasant Prairie, WI) was used to collect 
each leaf sample, which was then stored at -80°C prior to extraction. 
Ripe fruit were collected and stored at 8°C prior to seed extraction. A 
total of 141 tomatoes and 8,041 seeds were collected from the fifteen 
plants. In order to assess the frequency of seed infection, 350 seeds were 
individually tested for PSTVd infection, and in order to determine the 
frequency of transmission to seedlings, 1,620 seeds were planted in 
individual pots in a restricted access growth chamber in the greenhouse 
at ISU, under 15 hours of light per day and the temperature held 
constant at 21°C. The seedlings were planted with a minimum distance 
of three inches between seedlings to avoid mechanical transmission 
of the viroid. Three hundred and fifty seedlings were harvested for 
testing at the third true leaf stage. Twenty-one of the seedlings that 
tested positive for PSTVd via RT-PCR were transplanted and grown 
in order to assess vertical transmission to the next generation of seeds. 
The plants were grown in a restricted access growth chamber under the 
same conditions as described above. Only four of these plants survived 
to produce fruit and from these a total 100 seeds were tested for PSTVd 
infection via qPCR.

Tomato seed extraction 

Seeds were extracted from the tomatoes by cutting across the 
mid-section of the tomato using a sterilized scalpel. The scalpel was 
sterilized with bleach and sprayed with ethanol between each fruit to 
eliminate cross contamination. The seeds were then scraped from the 
carpels, and following removal from the fruit were soaked in a 10% HCl 
solution for 30 minutes in order to remove the gelatinous layer from 
the outside of the seeds. The seeds were then rinsed with water and the 

slurry was strained using a metal sieve (size 8 round). Both the sieve 
and collection tray were sterilized between samples. The strained seeds 
were spread out on a labeled paper towel and allowed to dry overnight 
in a biosafety cabinet prior to planting or extraction. 

Germination testing

Germination testing was undertaken in the ISU Seed Testing Lab, 
following the Association of Official Seed Analysts (AOSA)-approved 
germination testing guidelines. Seeds were placed on moistened rolled 
towels with KNO3, with four replications of 100 seeds each for a total 
of 400 seeds per group (infected parents and uninfected parents). These 
were placed in buckets, covered with plastic wrap, and allowed to 
germinate for two weeks with a diurnal cycle of eight hours at 30°C with 
light, and 16 hours at 20°C in the dark; the towels were remoistened as 
needed. Germination was assessed twice (day 7 and day 14). 

RNA extraction and PCR

To determine the frequency of PSTVd seed infection, RNA was 
extracted from the seeds using the Omega E.Z.N.A Plant RNA Kit 
(Omega bio-tek, GA). A cDNA synthesis was performed according 
to the manufacturer’s specifications using the First Strand Invitrogen 
kit (Invitrogen, Life Sciences, CA). We performed a RT-qPCR 
using an Applied Biosystems Real Time Step One Plus machine 
(Thermo Fisher Scientific, CA) using primers that were developed 
using Primer Express® Software version 3·0 (Applied Biosystems) 
forward: 5’-TACCCGGTGGAAACAACTGAA-3’ and reverse: 
5’-CCCCGGAGCAAGTAAGAT AGAGA-3’. Initial qPCR analysis 
revealed the presence of primer dimers, and as a result primer 
optimization was undertaken. Based on these results (data not shown), 
a 1:1 ratio of nine microliters of each primer per sample was selected 
for qPCR analysis. The mix contained 25 ul of SYBR green (Life 
Technologies Corporation, CA), 9 ul of each primer, and 2 microliters 
of distilled water. The qPCR steps were as follows: a holding step at 
95°C for ten minutes, 95°C for 15 seconds and 60°C for one minute for 
40 cycles, and melt curve at 95°C for 15 seconds, 60°C for one minute, 
and 95°C for 15 seconds. The standard curve was produced by creating 
a dilution series of cDNA stock of PSTVd, and the quality and quantity 
of DNA was ascertained via a NanoDrop-1000 spectrophotometer 
(Thermo Scientific, CA). 

To determine the frequency of PSTVd transmission to seedlings 
RNA was extracted from leaf tissue using the E.Z.N.A. Plant RNA Kit 
according to the manufacturer’s protocol (Omega bio-tek, GA). The 
reaction was prepared using the SuperScript III One-Step RT-PCR with 
Platinum Taq kit according to the manufacturer’s protocol (Invitrogen, 
Life Sciences, CA) with the exception that we added 10% DMSO to the 
mix in order to reduce the amount of secondary structure in the product. 
The primers used to amplify the target sequence were developed using 
Primer Express® Software version 3·0 (Applied Biosystems), and are 
as follows forward: 5’-GCCGAAACAGGGTTTTCACC-3’ reverse: 
5’-GGTAGTAGCCGA AGCGACAG-3’. To ensure that the product 
was in fact PSTVd, PCR products from four samples were gel extracted 
and cleaned using the Zymo DNA Clean & Concentrator-5 (Zymo 
Research, CA), and were submitted to the DNA Facility at ISU for 
sequencing. 

Results and Discussion
PSTVd is a destructive pathogen that can be seed-transmitted at 

high frequencies and therefore measures need to be taken to prevent 
spread of the pathogen by seed. We observed extremely high seed 
infection frequencies, namely; 218 (62.3%) of the 350 seeds that were 
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harvested from artificially infected plants tested positive for PSTVd via 
RT-qPCR, (62-69%). Of the 100 seeds that were harvested from plants 
grown from infected seed, 69 (69.0%) tested positive via RT-qPCR 
(Table 1). We determined that the difference between the two groups 
of seeds tested was not statistically significant (χ2 = 0.723, p > 0.05). 
We also observed a high frequency of transmission to seedlings, and 
178 (50.9%) of the 350 seedlings tested positive for PSTVd via RT-PCR 
(50.85%), suggesting that infected seed cought contribute to PSTVd 
dissemination and disease development.

Although seed infection was 62%-69%, only 50.9% of the seedlings 
were infected. This may be attributable, at least in part, to the low 
viroid quantities observed in the seeds. We assessed the viroid titers 
in the infected seeds via qPCR and determined these to be on average 
173 ng/μl which was significantly lower than that measured in the 
infected seedlings (785 ng/μl). In fact we observed viroid titers as low 
as 0.006 ng/μl in one of the infected seeds; these levels may be too 
low to successfully initiate seedling infection. This is similar to results 
previously determined with an RNA virus, Zucchini yellow mosaic 
virus, where the reported viral titers were lower in the seed (11.3–60 
ng/μl) than in the leaf (2000–3400 ng/μl) samples [26]. In addition it 
is also possible that the lower infection incidence in the seedlings may 
be due to the lower level of germination for infected versus the healthy 
seeds. Seeds harvested from PSTVd-infected parents had a germination 
percentage of 53% (15% abnormal and 32% dead). Germination of the 
parent seed was 98% with 2% abnormal. While germination was 53% 
for seed from infected plants, only 36.1% of the seeds planted emerged 
under growth chamber conditions (Table 1). Germination dropped 
significantly for seeds from plants infected with PSTVd compared with 
seeds from healthy plants (98% versus 53%). This is similar to previous 
reports in which low levels of germination (24-48%) were reported for 
PSTVd infected tomato seeds [19]. In addition we observed that the 
number of abnormal seedlings increased quite substantially from 2 to 
15%. 

The majority (~60%) of the infected seedlings did not display any 
observable symptoms of PSTVd, and the remainder displayed only 
mild to moderate symptoms, which included discoloration, as well 
as mild stunting. However the seedlings that were grown to maturity 
eventually developed severe symptoms, including leaf curling and 
severe stunting. In addition ~ 80% of the plants exhibited severe fruit 
and flower inhibition, and only ~20% of the plants produced any fruit 
(four out of 21 plants). This is in accord with previous studies that 
reported the occurrence of symptomless infected seedlings grown from 
infected tomato and potato seeds, as well as in Scopolia sinensis [20,27]. 
In the latter study the authors noted that 71% of the seedlings displayed 
symptoms, with 66% displaying symptoms within three to six weeks 
post emergence; however they observed that 2% of the seedlings did 
not display any symptoms until seven to eight weeks post emergence. 
Completely symptomless PSTVd infection in seedlings grown from 
infected seed has also been reported and some authors suggest that 

this may be the result of a tolerance mechanism that is developed to 
the disease in the early embryo stage [17]. However, it is believed that 
symptomless plants are a potential source of infection, and thus it 
appears that a grow-out assay would not be a viable detection method 
for this pathogen [9,17].

It appears that the viroid is located within the seeds and is not 
simply on the surface of the seed coat, which has implications for 
determining management strategies for this pathogen. We bleached the 
seeds and the fact that they were still infected after bleaching supports 
the possibility that the viroid is within the embryo or secondary 
metabolites within the seed. However, further research is needed to 
determine where precisely the viroid is located within the seed. 

Although reverse transcriptase PCR was sufficient to detect the 
viroid in PSTVd infected seedlings, it was not sensitive enough to 
detect the viroid in all cases of seed infection, presumably as a result of 
lower titers present in the seed than in the seedling. Thus it appears that 
phytosanitary testing via qPCR may be a more effective approach than 
testing via conventional RT-PCR methods. The high seed infection and 
seedling transmission frequencies determined in this study, combined 
with the current lack of seed treatments available for this pathogen, 
underscore the need for a reliable seed detection method for this viroid.
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