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Clavibacter michiganensis subsp. michiganensis (22), causal
agent of tomato bacterial canker, is a seedborne pathogen and is
considered one of the most destructive bacterial diseases of this
crop. For this reason, in the European Union (EU) and in many
other countries, C. michiganensis subsp. michiganensis is a quaran-
tine pathogen (6). It was first reported by E. F. Smith (93) at the
beginning of the twentieth century in Michigan (USA), and cur-
rently it is present worldwide. Its movement over long distances is
facilitated by traded seeds, which explains its distribution through-
out all of the tomato-growing regions of the world, but its spread
differs widely among countries (75). However, it can also survive
in plant debris and on volunteer plants or alternative hosts that can
act as local sources of inoculum (45).

In general, this disease shows a typical start/stop pattern, with
devastating outbreaks that cause major economic losses but appear
unpredictably in time (95). According to Gleason et al. (45), the
sporadic nature of bacterial canker helps to explain the slow pace
of progress in improving the efficacy of management practices.
Once the bacterium is present in a production area, changes in
cultural practices are the only advised measures that can be
adopted to reduce the risk of dissemination and of new outbreaks
(44,45). Unfortunately, resistant or highly tolerant cultivars are still
not commercially available, and assays focusing on the chemical
control of C. michiganensis subsp. michiganensis are scarce and
have shown variable results (25,45,48,96,104). Treatments with
copper and streptomycin can reduce epiphytic populations and
disease symptoms, and a synergistic effect has been observed when
copper is combined with the fungicide mancozeb and other copper-
chelating compounds such as 8-hydroxy-quinoline (25,48,104).
Other control methods, such as biological control by use of antago-
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nistic bacteria (5,13,32,99), compost (106), plant activators for
induction of resistance (94,100,104), plant essential oils (21,56) or
vegetable extracts (10), as well as the use of soil solarization (7),
have been investigated, but at present they are still far from provid-
ing universally successful control of the disease in tomato crops.

In the current situation, the most efficient control of bacterial
canker is prevention, based on the use of pathogen-free seeds. To
this end, quarantine regulations have been adopted by different
countries to guarantee that commercial seed lots are C. michi-
ganensis subsp. michiganensis—free, or at least that the contamina-
tion is below an acceptable threshold. Phytosanitary regulations
can have a profound impact on the international trade of seeds (72)
and have forced seed companies to implement seed sanitation and
health control. However, despite the efforts made by plant health
authorities, researchers, seed industry, and plant production com-
panies, many new outbreaks of bacterial canker have been recorded
in the last decade, some of them affecting areas in which C.
michiganensis subsp. michiganensis had not been reported pre-
viously.

Previous reviews regarding tomato bacterial canker were pub-
lished by Strider in 1969 (95) and Gleason et al. in 1993 (45).
Therefore, it is necessary to provide a current comprehensive re-
view, and this article discusses the disease situation, integrating
previous data with the most recent findings and new information
available. Thus, the objectives of this article are: (i) to review the
progress on tomato bacterial canker, the role of infected or infested
seeds, and of local sources of inoculum in disease outbreaks, high-
lighting recent records; (ii) to provide an overview of plant health
regulations, especially with respect to standard protocols for
testing seeds for C. michiganensis subsp. michiganensis; and (iii)
to update information regarding research innovations and future
perspectives on new, useful tools for detecting seed contamination
by C. michiganensis subsp. michiganensis that can aid in designing
new strategies to improve its control.

Bacterial Canker Symptoms

Tomato plants affected by bacterial canker show a variety of
symptoms (Table 1; Figs. 1 and 2), depending on cultivar suscepti-
bility, conditions of tomato cultivation, time and type of infection
(systemic or localized according to Gleason et al. [45]), and other
factors. In systemic infections, the pathogen invades the vascular



Table 1. Symptoms caused by Clavibacter michiganensis subsp. michiganensis in tomato

Infection Symptoms Mode of infection
Systemic Wilt; leaves and leaflets wilt unilaterally; common at early Infected or infested seeds transmit disease to emerging
stages (Fig. 1A and B) seedlings
Yellow-brown vascular discoloration (Fig. 1C) Invasion of vascular tissues through seeds or wounds
Cankers formed on stems and petioles (Fig. 1D)
Localized Marginal necrosis of leaflets which appear dried and curl Infection through broken trichomes or natural openings

upward (Fig. 2B)
“Bird’s-eye spots” develop on fruit (Fig. 2C)

Small white blister-like spots on stems (Fig. 2A)

such as stomata and hydathodes

Fig. 1. Systemic infection on tomato plants by Clavibacter michiganensis subsp.
michiganensis. A, Generalized wilting, B, unilateral leaflet wilt and necrosis, C, part
of the vascular system invaded by the pathogen causing yellow-brown discolora-
tion, D, cankers on stems in later stages of disease development, E, droplets of
bacterial ooze observed when the stem splits open at the beginning of canker
formation, F, pathogen reaching the fruit and infecting the seeds through the vascu-
lar tissues.

Fig. 2. Localized infection by Clavibacter michiganensis subsp. michiganensis. A,
Small white blisterlike lesions in stem and petiole, B, marginal necrosis of leaflets,
and C, typical spots with whitish halos on fruits, also called “bird’s-eye spots”.

tissues (Fig. 1C), and plants wilt (Fig. 1A); frequently the wilt is
observed on one side of the leaves at early stages (Fig. 1B), and,
less frequently, cankers appear on stems (Fig. 1D). In tomato
plants inoculated under greenhouse conditions, the stem splits
open, and a flow of droplets containing masses of bacteria can be
observed (Fig. 1E) when the relative humidity is high. In fruit, C.
michiganensis subsp. michiganensis can be transmitted to the
developing seeds through the vascular tissues of the mother plant
(Fig. 1F). After external infections, when the bacterium enters
through broken trichomes or natural openings, leaves, flowers, and
fruits can show localized infections (15,68). Marginal necrosis of
leaflets (Fig. 2B) is the most frequent symptom during field
epidemics. Blister lesions on stems (Fig. 2A) and fruit spots called
“bird’s eye” lesions (Fig. 2C), arising from local infections, are
less frequently observed.

Disease Cycle

In the cycle of C. michiganensis subsp. michiganensis (Fig. 3),
there are three environments in which the pathogen is present: (i)
seeds, in which the bacteria survives inconspicuously; (ii) nurseries
for the production of transplants; and (iii) tomato production areas
(Fig. 4).

In seed production crops, C. michiganensis subsp. michiganensis
can reach the fruit and consequently infest (externally) or infect
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(internally) the seeds, where it is able to survive for long periods
(14,52), allowing its long-distance dissemination and its introduc-
tion into tomato bacterial canker-free areas through traded seeds or
tomato transplants produced from such seeds. It is also possible
that, like many other bacteria, the pathogen could become quies-
cent or enter the viable but nonculturable state (VBNC) induced by
dry conditions, lack of available nutrients, chemical treatments, or
other conditions (83), but this topic has not yet been explored.

The amount of C. michiganensis subsp. michiganensis on natu-
rally infected seeds can be variable, but it has been reported to be
between 107 and 10* CFU/seed (33,47), and a population of 10?
CFU/seed has been suggested as the probable threshold level for
transmission of the pathogen from naturally infected seeds (53).
Seed transmission of C. michiganensis subsp. michiganensis was
followed by Chang et al. (17), who described incidence rates of
systemic infection below 1% after transplanting seedlings grown
from infected seeds containing 10* CFU/g seed. More recently,
Hadas et al. (47) described from 0.05 to 4% incidence of bacterial
canker in tomato seedlings grown from seed lots containing from
58 to 1,000 CFU/g seed, finding a high correlation between CFU/g
seed and disease incidence. However, disease incidence does not
depend solely on the inoculum concentration present in seeds be-
cause C. michiganensis subsp. michiganensis can be mechanically
transmitted by cultural practices during transplant production, with
a subsequent strong effect on disease incidence in the field.

s y -
Spread by cultural
practices

Infection through
wounds on roots,
stems and leaves

Infection of transplants

Invasion of vascular tissues

In nurseries, the risk of disease transmission by clipping tomato
seedlings in transplant beds is well documented (17,42). Seedling
harvest practices and other factors also contribute to the spread of
C. michiganensis subsp. michiganensis, particularly with sprinkler
or fog irrigation (17). The importance of latently infected trans-
plants has been observed in practice, and several methods have
been evaluated for detecting this pathogen in symptomless trans-
plants, pointing out that bacterial populations increase rapidly in
stems after plant infection (42).

Grafting is a relatively recent innovation in tomato nursery pro-
duction (61), requiring wounding of both rootstock and scion, pro-
viding a quick way for C. michiganensis subsp. michiganensis to
spread from plant to plant. A study using bioluminescent mutants
allowed the visualization of bacterial colonization dynamics in
seed transmission and the translocation of C. michiganensis subsp.
michiganensis in grafted plants (105). The results showed that
bacteria were aggregated on hypocotyls and cotyledons and were
then translocated in both directions from the graft union in grafted
seedlings, in which either the rootstock or scion was exposed to
contamination via grafting knives.

Once the seedlings are transplanted into the greenhouse or pro-
duction field, the presence of a few systemically infected plants
can result in high leaf epiphytic populations of C. michiganensis
subsp. michiganensis, which might serve as inocula that cause
secondary infections. The relative weight of contaminated seed as a

Dissemination
ﬁ by seeds

A Tomato fruits
infected

Wilting and
death of plants

Overwintering on plant debris

Fig. 3. Disease cycle of Clavibacter michiganensis subsp. michiganensis, adapted from Eichenlaub et al. (31).
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source of inoculum depends upon the secondary spread of the
pathogen, which is influenced greatly by cultural practices and
environmental conditions (16,18). This fact can help to explain the
apparent erratic behavior of bacterial canker outbreaks, but it has
been assumed that seed contamination rates as low as 0.01% (one
seed per 10,000) could be enough to initiate an epidemic of bacte-
rial canker in production fields (17,42).

C. michiganensis subsp. michiganensis could also have an epi-
phytic phase on an alternative host, in the absence of tomato,
which could serve as a continuous source of inoculum (15,18,44).
Several solanaceous and nonsolanaceous species have been de-
scribed as hosts (62,74,95,97), although for most of them only
results of artificial inoculation have been reported, showing symp-
toms less severe than tomato plants. In addition, C. michiganensis
subsp. michiganensis can persist from several months to more than
one year when associated with tomato plant debris (18,30,34,
44.70), which could also serve as a local source of inoculum and
initiate new outbreaks (44). However, as most of these reports were
based only on data from isolation of C. michiganensis subsp.
michiganensis onto different culture media, survival of the path-
ogen could be underestimated, because stressed, injured, or VBNC
bacterial cells (83) could be unable to form visible colonies.

Molecular Epidemiology of Bacterial Canker

In the last decade, epidemiological studies using molecular typ-
ing of natural populations of C. michiganensis subsp. michiganen-
sis have provided valuable information for understanding the roles
of infected seeds and local sources of inoculum in recent bacterial
canker outbreaks. Although not an exhaustive list, Table 2 compiles
recent information from several countries to help understand the
disease epidemiology. In Israel, where the presence of C. michi-
ganensis subsp. michiganensis was known since 1963, a severe

epidemic occurred in 2000 in the southern region, and since then,
the disease has been found in most greenhouses in the same area.
The inoculum might have originated from infected tomato seeds or
seedlings, but the presence of two persistent, genetically different
groups suggested that the primary inoculum originated each year
from residual plant matter in the soil rather than from contaminated
seeds (57).

The situation seems similar in Japan, where the pathogen was
first reported in 1958 and where tomato bacterial canker has
emerged in Okayama Prefecture in recent years. In this area, mo-
lecular analysis showed that bacterial isolates from individual
greenhouses remained invariable from 2005 through 2008 (55).

In the Canary Islands (Spain), where C. michiganensis subsp.
michiganensis was reported for the first time in 2002 and caused
severe yield losses, the high homogeneity observed among bacte-
rial strains isolated from 2002 to 2007 suggests a single introduc-
tion of the bacterium into the region through infected seeds in
2002, whereas plant debris could be the prime inoculum source in
the sporadic appearance of the disease in following years (23).

Although plant debris can explain the persistence or even new
outbreaks of bacterial canker in a region where the disease was
already known to occur, the 13 reports of C. michiganensis subsp.
michiganensis from 2000 to 2010 in different countries of Asia,
Europe, and North and South America due to infected or infested
seeds (Table 2) suggest that tomato seed sanitation remains an
elusive goal in the control of bacterial canker.

Quarantine Regulations
for C. michiganensis subsp. michiganensis

To prevent the introduction and dissemination of new or existing
pathogens, governments have historically applied quarantine regu-
lations in an effort to limit the import of plants or plant products

Transmission to
transplants

K 1. Contaminated tomato seeds \

A £ QJ

C. michiganensis subsp. michiganensis survives
inconspicuously on seeds and is widely disseminated.

Infected seeds are
produced on seed
production crops

2. Nurseries

transplant production

\ _4

Transplants with
latent infection

In tomato crops, in the open fields or in greenhouses, C.
michiganensis subsp. michiganensis is spread by splashing
water and pruning, and overwinters in plant debris.

3. Tomato crops

y

Fig. 4. Tomato bacterial canker feature and environments in which Clavibacter michiganensis subsp. michiganensis is present: 1, contaminated tomato seeds; 2, nurseries;

and 3, tomato crops.
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contaminated with pathogens. In this context, seedborne bacterial
pathogens are of particular concern because successful strategies
for the management of most bacterial diseases are not available,
and use of clean seeds and/or transplants seems to be the most
obvious measure for effective control (43). Thus phytosanitary
regulations are needed to ensure that commodities are pathogen-
free. In the past, different countries have developed their regula-
tions independently, and the principles generally had little techni-
cal justification. To avoid confusing regulations and unjustified
trade barriers, international organizations, including the Food and
Agricultural Organization (FAO) of the United Nations that sup-
ports the International Plant Protection Convention (IPPC), and the
Regional Plant Protection Organizations (RPPOs), have provided
standards for principles and procedures that should guide the
development of plant health measures. RPPOs coordinate and har-
monize the phytosanitary actions of their member countries on a
regional basis and also advise them about the pathogens that
should be considered quarantine organisms, dividing them into A1l
quarantine pests (those absent from the region) and A2 quarantine
pests (those present in some parts of the region) (51). Today, C.
michiganensis subsp. michiganensis is included in the A2 list by
the European Plant Protection Organization (EPPO), the Asia and
Pacific Plant Protection Commission (APPPC), the Caribbean
Plant Protection Commission (CPPC), and the Inter-African Phyto-
sanitary Council (IAPSC) (75).

The EU has also included C. michiganensis subsp. michiganen-
sis in the list of quarantine organisms for all member states (6).
The current plant health regulations of the EU indicate that tomato
transplants originating in third countries require a phytosanitary
certificate to be introduced into the EU. Transplants produced
within the EU are subject to control during their production and are
accompanied by a plant passport that indicates that the material has
successfully undergone the national checking system and ensures
their free movement throughout the EU. However, there is no
official detection protocol for all EU countries, and in most of
them, the passports are based on visual inspections. In addition, the
introduction and movement of tomato seeds into and within all
member states requires an official statement that the seeds have
been obtained by an appropriate acid extraction or equivalent
method and that either (i) they originated in areas where bacterial
canker is not known to occur, (ii) the plants were free from
bacterial canker symptoms at the place of production during their
entire growth cycle, or (iii) the seeds were certified free from C.
michiganensis subsp. michiganensis after official testing on a
representative sample using appropriate methods (6). In this case,
the problem is related to the availability of true “appropriate

methods” of sufficient sensitivity to detect low levels of seed
contamination.

Tomato Seed Production and Sanitation

The first, and perhaps only, opportunity to fully control bacterial
canker is to avoid its presence in the seed production fields. Unfor-
tunately, C. michiganensis subsp. michiganensis is broadly dis-
seminated, and there are difficulties in finding pathogen-free areas
for production of C. michiganensis subsp. michiganensis—{ree
seeds. The dry climate of western states of the United States was
thought to limit the development of bacterial diseases in seed pro-
duction crops, but it has been shown that seeds produced in these
areas may be latently infested with seedborne phytopathogenic
bacteria, even in the absence of symptoms in seed crops (43). In
addition, the seed industry has moved its seed production fields to
developing countries to take advantage of low labor costs. This
outsourcing is considered to be a risk for the re-emergence of seed-
borne diseases and for the introduction of diseases into new areas
(43,45). In Europe, notifications to the EPPO, during the last dec-
ade, of noncompliance owing to the detection of C. michiganensis
subsp. michiganensis in tomato seeds has given rise to concern
regarding lots originating mainly from Southeast Asia (India,
China, Thailand, and Taiwan) and, to a lesser extent, from South
America (Bolivia and Brazil) (EPPO reporting service: http://
www.eppo.org/PUBLICATIONS/reporting/reporting_service.htm).
However, it is not always easy to obtain detailed information from
seed companies about the location of their different seed-producing
areas, which hinders the appropriate monitoring of the seed lots.

Methods for seed extraction and chemical or thermal seed treat-
ments have been investigated to provide an effective procedure to
obtain seeds free of this pathogen. Some methods are effective for
reducing C. michiganensis subsp. michiganensis populations, but
there is no available method that ensures the complete eradication
of this pathogen from naturally infected seeds without reducing
seed germination. Fermentation used to extract tomato seeds from
fruit pulp reduces populations of C. michiganensis subsp. michi-
ganensis, but relatively long fermentation periods, up to 96 h, are
necessary to eradicate the pathogen (28,88,95). Acid extraction of
seeds, or chemical treatments of dry seeds mainly with HCI at
different concentrations and exposure times, greatly reduces the
pathogen populations of tomato seeds (18,35,88,92,98) and disease
incidence in seedlings (28). However, both fermentation and HCI
treatments can reduce seed germination (28,35,92,95). Most of the
published studies on seed disinfection were performed more than
20 years ago, and unfortunately no comprehensive systematic stud-
ies for comparative purposes are currently available. It is likely that

Table 2. Worldwide bacterial canker reports since 2000

Year Country Observations Reference

2000 Chile High incidence in transplant production for exportation attributed to cultural practices and 102
infected seeds

2000 Israel Severe epidemic in southern region; since then primary inoculum each year originated from 57
plant debris

2001 Turkey First report in eastern Anatolia region causing heavy losses, attributed to contaminated seeds 89
and/or transplants

2002 Spain First report in the Canary Islands causing severe losses, attributed to infected seeds 23

2002 Indonesia First report in Indonesia, pathogen isolated from commercial seeds produced in Java 8

2005 Cyprus Severe wilt on tomato crops 86

2005-06 Mexico Incidence of 4-46% in San Quentin and San Simén area, Baja California Peninsula of Mexico, 12, 49
and first report in Sonora

2007 Korea First report in Korea causing severe wilt in greenhouses in Cheorwon and Iksan provinces 73

2005-08 Japan Emergence in greenhouses in Okayama prefecture, primary inoculum each year originated from 55
plant debris

2007 Syria First report in Syria, affecting up to 7% of surveyed greenhouses in Latakia and Tartous, 37,38
incidence up to 70% at the end of July

2007 The Netherlands Two outbreaks in tomato plant propagation companies, most likely related to contaminated 76,77
seeds

2007-09 Austria Isolated outbreaks, pathogen detected in seeds locally produced 78,79, 80

2010 Italy Severe outbreaks in Viterbo and Puglia regions, attributed to infected seeds 63, 81
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seed companies have much more information for their own use, but
reports of new disease outbreaks suggest that the methods they use
are still imperfect.

Tomato Seed Testing

Seed testing is an essential tool for the control of this seedborne
pathogen, through phytosanitary certification and quarantine pro-
grams in domestic and international seed trade (43,67,71,72). In
the case of C. michiganensis subsp. michiganensis, infected tomato
seeds are visually indistinguishable from healthy seeds (18,42),
and therefore, seed testing is necessary. However, only by the im-
practical task of testing all of the seeds by a currently nonexistent
protocol with 100% accuracy can a seed lot be guaranteed to be
pathogen-free (67).

Commercially, seed tests are performed on samples taken from
seed lots. The first matter is whether the samples are representative
of the lot as a whole, but there are practical limitations in determin-
ing this information. First, as the seed lot size increases, so does
the difficulty of obtaining a truly representative sample, and tomato
lot sizes may range from less than a kilogram to several thousand
kilograms. In addition, seed lots should be composed of seeds har-
vested from a single seed production field or site, but in practice,
they may be composed of seeds from different lots that share
acceptable quality traits but in which the distribution and frequency
of infected seeds is far from uniform. However, practical experi-
ence with small-seeded crops suggests that the lack of seed lot
uniformity has seldom limited the accuracy of seed health test
results, as long as the sampling was done carefully and consistently
(71). Seed companies use indirect methods, in which samples with
a certain number of seeds are randomly taken and extracted and the
extracts are tested for the pathogen. Two elements dictate the re-
sult: whether the sample contains any infected seed, and whether
the assay technique or techniques will detect such contamination
(41,71). In this context, both sample size and protocol sensitivity
and selectivity are important (43). Tests should be able to detect the
targeted seedborne pathogen at the level known as the inoculum
threshold, which can be defined as the amount of seed infection or
infestation that will cause a disease in the field under a conductive
environment and lead to economic losses (67). As it has been
pointed out previously, available information indicates that at least
one infested seed in 10,000 can lead to an epidemic under favor-
able conditions (17,42). According to the experience of several
laboratories in the EU (82), this sensitivity is not always achieved
by the standard protocols, which are based on only one or a few
techniques, as discussed below.

During the past decade, several organizations have made a sys-
tematic effort to agree on standardized seed health protocols that
will be accepted internationally (72). For C. michiganensis subsp.
michiganensis, recent standard seed test protocols are available
from the EPPO (74; a new version is currently under preparation)
and the International Seed Federation (ISF) through the Interna-
tional Seed Health Initiative for Vegetable Crops (ISHI-Veg) (50).
Currently, the ISHI-Veg protocol for C. michiganensis subsp.
michiganensis is approved as a temporary standard by the National
Seed Health System (NSHS) of the United States (http://www.
seedhealth.org/files/xIssNSHSMethodCodes.xls). Both protocols
are based on the plating of seed extracts on semi-selective media
and adopt the standard sample size recommended by the Interna-
tional Seed Testing Association (ISTA) of 10,000 seeds, which
statistically implies a 95% probability of detecting a 0.03% level of
contamination in the seed lot (74). The seeds can be analyzed in
subsamples of 2,000 seeds. The recommended method for obtain-
ing the seed extracts is soaking the seeds and blending them with a
Stomacher Laboratory Blender (Seward, London, UK) or similar
apparatus. There is evidence that extraction methods that include
grinding the seeds are significantly better than methods that use
only soaking (33,47), probably because the need for recovery of
both external and internal contamination. Previous treatments of
seeds with fungicides or other chemicals can affect the accuracy of
the analysis, and there are not always ways to avoid their negative
influence. A nondestructive tomato seed assay, extracting the bac-
teria from seed fiber, was developed by Biggerstaff et al. (11),
although this method has not yet been included in standard proto-
cols.

Standard Protocols for Seed Testing
Based on Plating on Semi-selective Media

Following the standard protocols (50,74), once seed extracts are
obtained, they should be plated on semi-selective media such as
SCM (33), mSCM (a modification of SCM medium [103]),
D2ANX (20), KBTS (27), or CNS medium (46). Currently, new
media for C. michiganensis subsp. michiganensis isolation are
under development (58). Isolation is a robust technique, cheap and
easy to perform, does not need specialized equipment, and can
isolate living pathogenic bacteria. However, isolation of C. michi-
ganensis subsp. michiganensis from seed samples is often difficult
because this bacterium grows slowly and the colonies are fre-
quently inhibited by other microorganisms, even in the available
semi-selective media. Following the EPPO protocol, seed extracts
can also be tested by immunofluorescence (IF) or by polymerase

Table 3. Sensitivity of isolation and serological techniques described for detection of Clavibacter michiganensis subsp. michiganensis

Method Culture media / antibodies* Sensitivity reported Reference
Isolation® SCM 1 contaminated seed®/10,000 seeds 33
KBTS-based medium 1 contaminated seed?/10,000 seeds 74
mSCM; D2ANX; CNS 1 contaminated seed®/5,000 seeds 47
mSCM; D2ANX; mCNS 1 contaminated seed/5,000 seeds 69
mSCM 10-102 CFU/ml seed extract 24
SCM; D2ANX 1-10 CFU/ml seed extract 82
IMS-plating® YPGA / PAbs from PRI 1-10 CFU/ml seed extract 24
IF PAbs from PRI 10? CFU/ml seed extract 24
PAbs from PRI 10-102CFU/ml seed extract 82
PAbs from Neogen 103-10* CFU/ml pure culture 59
ELISA PAbs obtained by authors 1 contaminated seed/50 seeds 60
PAbs from Agdia 10*-10° CFU/ml seed extract 24
PAbs from Neogen 10°-10° CFU/ml pure culture 59

2 PAbs: polyclonal antibodies. PRI: Plant Research International.
b Isolation by plating seed extracts on semi-selective medium.

¢ At minimum contamination level of 50 CFU.

4 At minimum contamination level of 8 x 102 CFU.

¢ Contamination rate of 102-10° CFU/seed.

f Contamination rate of 108 CFU/seed.

¢ Immunomagnetic separation followed by plating in nonselective YPGA (yeast-peptone-glucose agar) medium.
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chain reaction (PCR) after enrichment in liquid semi-selective
media (enrichment-PCR) (74). However, these two tests are
considered only presumptive, and seed extracts that tested negative
by plating on semi-selective media but positive by IF or enrich-
ment-PCR should be subjected to bioassay in tomato plantlets,
trying to multiply the target bacteria in planta. According to EPPO
(74), the identity of putative C. michiganensis subsp. michiganen-
sis isolates should then be confirmed by a pathogenicity test and a
biochemical, serological, or PCR test. Confirmation of suspected
colonies by pathogenicity assay is also required by the ISHS-Veg
protocol (50). If no typical colonies can be isolated from seeds by
selective plating or after tomato bioassay, the detection is finally
considered negative because the presence of the pathogen is not
confirmed (74).

The sensitivity level described by different authors for detection
of C. michiganensis subsp. michiganensis by plating on semi-
selective media is shown in Table 3. It has been estimated that
plating on SCM can detect one contaminated seed containing as
few as 50 CFU in samples of 10,000 seeds (33). Similarly, accord-
ing to information from the EPPO, one contaminated seed (8 x 10?
CFU) added to a sample of 10,000 seeds was consistently detected
by plating seed extracts on KBTS-based medium (74). However, in
routine analyses, seed-testing laboratories and industrial seed-
screening programs have not observed such high sensitivity, proba-
bly because of the effect of extraction procedures, variation in the
levels of seed contamination (47), and/or the presence of large
numbers of nontarget bacteria that can also grow in these media
(36). The detection threshold observed by Hadas et al. (47) by agar
plating was one infected seed in 5,000, with an infection rate of 10°
to 10° CFU per seed, but they were unable to detect one infected
seed in a sample of 10,000, even with a low level of saprophytic
bacteria in the lots (47). Detection of 1 to 10> CFU/ml seed extract
can be achieved in clean seed lots in which the growth of the
saprophytic microbiota was inhibited (24,82). Detection was less
reliable in seed lots with >10° CFU background population (74),
and results obtained by De Ledn et al. (24) are in agreement with
that conclusion. Furthermore, a recent EU cooperative study
showed that none of the eight laboratories that took part in the
study was capable of isolating C. michiganensis subsp. michi-
ganensis from naturally infected seeds using SCM or D2ANX
media (82). Both seed microbiota and the possibility that a non-
growing state of C. michiganensis subsp. michiganensis could
occur were pointed out as hypotheses to explain this fact. Kane-
shiro and Alvarez (52) suggested that quiescent cells in stored seed
could show an increased susceptibility to antibiotics, leading to an
underestimation of viable pathogen populations.

Serological Methods

The most frequently used serological test for the detection of C.
michiganensis subsp. michiganensis in the EU is still immunofluo-
rescence (IF) with commercially available polyclonal antibodies
(PAbs), for example, from Loewe (http://www.loewe-info.com),
Neogen Europe-Adgen Phytodiagnostics (http://www.neogen
europe.com), or Plant Research International (http://www.
pri.wur.nl/UK). Particularly in France, IF is commonly used to
assay tomato seeds for C. michiganensis subsp. michiganensis
(1,43), although positive IF results are obtained for both viable and
nonviable bacteria. The conventional detection limit of this tech-
nique is known to be approximately 10* cells/ml, and results ob-
tained by De Leon et al. (24) and Kokoskova et al. (59) are in
agreement with this threshold (Table 3). Olivier et al. (82)
improved the IF detection limit up to 10 to 107 cells/ml by soaking
the samples for 3 days at room temperature because the bacteria
could multiply during soaking. In an EU inter-laboratory test, IF
showed better sensitivity in the analysis of naturally infected seeds
than did plating on semi-selective media, although plating was 10-
fold more sensitive than IF in experimentally contaminated seed
extracts (82) (Table 3). The IF technique has been widely criticized
for showing too many false positives when using PAbs, due to
cross-reactions (36,59,82). Seed extract preparation by soaking
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seeds instead of grinding or Stomacher blending can reduce this
problem and is the recommended extraction procedure (36,74).

Monoclonal antibodies (MAbs) have shown higher titer and
specificity against C. michiganensis subsp. michiganensis than
PAbs (3). In particular, the MAb Cmm1 showed high specificity
and near universality because of the presence of the reactive anti-
gen among geographically diverse C. michiganensis subsp. michi-
ganensis strains (54). It is available in commercial kits for enzyme-
linked immunosorbent assay (ELISA) and immunostrip tests from
Agdia (http://www.agdia.com) and was also successfully integrated
into IF procedures (54) and indirect immunofluorescence colony
staining (IFC) (101). However, according to Olivier et al. (82),
commercial MAbs from Agdia were unable to detect C. michi-
ganensis subsp. michiganensis strains by IF at usable titer. The
detection limit for ELISA was 10* to 10° CFU/ml (24,59) (Table
3). For immunostrip (Agdia), the level of sensitivity was around
10° to 10° CFU/ml, and agglutination tests (Neogen Europe-Adgen
Phytodiagnostics) require even more bacterial cells, making these
methods useful as confirmatory tools for the identification of colo-
nies showing C. michiganensis subsp. michiganensis—like mor-
phology or as a field test with extracts of typical symptomatic
plants, but not for seed testing.

Other serological techniques able to detect viable bacteria, such
IFC (101) and a filtration and colony blot immunoassay (4), were
developed for the detection of C. michiganensis subsp. michi-
ganensis in tomato seeds but are not currently routinely used. Flow
cytometry has also been applied for the detection of the pathogen
in seed extracts (2) and can be used in conjunction with appropri-
ate fluorescence probes (19) to assess intracellular pH in C. michi-
ganensis subsp. michiganensis cells as an indicator of the viability
of the target cells.

Combination of Isolation and Serological Techniques

Immunomagnetic separation (IMS) permits the specific serologi-
cal capture of target cells, allowing the removal of nontarget bacte-
ria, seed debris and inhibitory compounds from seed extracts as
well as the subsequent concentration of target cells. For C. michi-
ganensis subsp. michiganensis, IMS was applied to seed extracts
prior to plating in nonselective medium, in which colonies of the
pathogen appear in fewer days than on semi-selective media (26).
IMS-plating has provided better sensitivity results than direct plat-
ing onto mSCM medium, IF, or PCR (24), showing a detection
threshold of 1 to 10 CFU/ml seed extract (Table 3). This technique
has isolated the pathogen from IF-positive samples of naturally
infected seeds for which semi-selective media and Bio-PCR screen
had failed (82). Consequently, it is an interesting alternative for
accurate, sensitive, and rapid seed detection of C. michiganensis
subsp. michiganensis, allowing confirmation of the pathogenicity
or other strain characteristics.

Molecular Methods

In the last two decades, PCR has provided promising diagnostic
tools because of the high sensitivity and specificity (85). Despite
the advances made in PCR protocols, their implementation for
routine analyses has been slow, especially in commercial seed
testing programs. PCR-based methods require specialized equip-
ment and better-trained personnel, and maybe for these reasons,
some laboratories still prefer conventional techniques (1,43,72).
However, in recent years, PCR-based techniques have been imple-
mented successfully, and there is currently no reason for not intro-
ducing them in integrated protocols, for routine analysis.

For PCR tests, several pairs of primers (Table 4) have been spe-
cifically designed for C. michiganensis subsp. michiganensis, most
of them based on the 16S-23S rDNA intergenic region. According
to the EPPO protocol (74), identification of presumptive C. michi-
ganensis subsp. michiganensis isolates can be achieved using two
pairs of primers: CMMS5/CMMG6, developed by Dreier et al. (29);
and PSA-4/PSA-R, developed by Pastrik and Rainey (87). Other
primer pairs, such as CM3/CM4 (90) and Cmm1F/CmmIR (59),
have also been developed specifically for C. michiganensis subsp.



michiganensis. However, false negatives have been reported with
primers CMM5/CMM6, which reacted with only 75% of tested C.
michiganensis subsp. michiganensis strains (65). Similarly, Hadas
et al. (47) found that four out of 23 C. michiganensis subsp. michi-
ganensis strains assessed did not react with the primers CM3/CM4
and that two did not react with the primers CMM5/CMMB6. 1t is
therefore advisable to use more than one set of primers to obtain
more reliable PCR results.

Although PCR is theoretically able to detect DNA from a single
cell, the small volume (1 to 5 ul) of sample used as template in
each reaction, the presence of inhibitors in seed extracts, and other
unknown factors make the indicated protocols no more sensitive
than other techniques (43). Thus, in practice, the detection limit of
C. michiganensis subsp. michiganensis by PCR is about 103
CFU/ml (24,59); but more concerning is the frequency of false
negatives due to the presence of PCR inhibitors and its ability to
detect DNA from nonviable cells (43,72).

Several strategies have been developed to overcome these disad-
vantages and increase the sensitivity of PCR-based methods shown
in Table 5. The PCR inhibitors present in seed extracts can be re-
moved by different DNA extraction protocols, facilitating C. michi-
ganensis subsp. michiganensis detection by conventional PCR
(24,29,69). Enrichment of seed extracts on semi-selective liquid
media followed by PCR (enrichment-PCR) has been included in
the EPPO protocol and has consistently detected one contaminated
seed (4 x 10> CFU) added to a sample of 10,000 seeds (74). Simi-
lar sensitivity was reported in tomato plant homogenates, using
DNA extraction and combining PCR and Southern hybridization
(29), but was not confirmed by Milijasevic et al. (69). Another
possibility of enrichment, called Bio-PCR, that involves previous
multiplication of the putative pathogen on solid media and subse-
quent PCR amplification (43,72), was able to detect one seed con-
taminated in 10,000, with an infection rate of 10? to 10° CFU/seed,
and showed higher sensitivity than plating on semi-selective media
or direct PCR according to Hadas et al. (47) (Table 5). The results
reported by Milijasevic et al. (69) and Olivier et al. (82) are in
agreement with this efficiency. In all of these enrichment protocols,
the amplification of DNA from living cells can be assumed if PCR
is negative before enrichment and positive after it.

Real-time PCR enables the detection and quantification of
pathogens without post-PCR processing, providing data in real-
time (91), and is becoming the gold standard for the diagnosis of
plant pathogens (85). Its advantages over conventional PCR war-
rant its use for seed health testing (72) because the developed
protocols have, in general, higher sensitivity and specificity than
conventional PCR, especially those using TagMan probes. These
protocols developed for C. michiganensis subsp. michiganensis
(9,66,107) are also shown in Table 4. The detection threshold re-

ported for real-time PCR in pure cultures of C. michiganensis
subsp. michiganensis was 10* CFU/ml (66,107), but data about its
application in seed testing are still lacking. Only Zhao et al. (107)
have reported the successful detection of C. michiganensis subsp.
michiganensis by real-time PCR in samples prepared by adding 10
infected seeds to 1,000 healthy seeds (Table 5), but this sensitivity
is not high enough for routine seed testing. In addition, Luo et al.
(66) used DNA-binding ethidium monoazide (EMA) in combina-
tion with a real-time PCR assay for quantification of viable cells,
which can be discriminated from dead cells because EMA selec-
tively penetrates dead bacteria and binds to DNA, inhibiting am-
plification of the target sequence. Other variants of PCR recently
developed for other plant pathogens, such as IMS-PCR, co-opera-
tional PCR (Co-PCR), or loop-mediated isothermal amplification
(LAMP) (85), have not yet been developed for C. michiganensis
subsp. michiganensis.

Multiplex PCR allows the amplification of more than one target
region in one PCR mixture, detecting several pathogens or several
targets of the same pathogen in a single test by conventional or
real-time PCR. In the future, seed health tests should be based on
multiplex real-time PCR assays able to detect all of the seedborne
pathogens relevant for phytosanitary purposes. A first approxima-
tion for the simultaneous detection of C. michiganensis subsp.
michiganensis together with other seedborne tomato bacteria such
as Pseudomonas syringae pv. tomato and Xanthomonas spp. was
carried out by the development of a multiplex PCR using pure
cultures and previously published primers (84), but the protocol
was not assayed with seeds.

Closing Remarks and Perspectives

Successful control of tomato bacterial canker remains a serious
problem for tomato cultivation worldwide because new outbreaks
and first reports of its causal agent are still periodically noticed in
different regions. There are probably many other unpublished re-
sults on all continents and new outbreaks that can be masked in
regions that were previously affected. The current losses due to this
pathogen have not been accurately evaluated, but although variable
among years, may be very high at the global level.

Current knowledge supports the belief that the use of pathogen-
free seeds is of prime importance for bacterial canker control. The
bottom lines to achieve this objective are: (i) pathogen-free seed
production fields; (ii) seed sanitation; and (iii) seed health testing.
Phytosanitary measures should address these goals in a global
mode in order to control tomato seed production with suitable
procedures at all the process stages. Careful inspections of fields
and analyses prior to their selection for seed production are re-
quired, mainly in developing countries in which available informa-
tion about the presence and degree of spread of C. michiganensis

Table 4. Polymerase chain reaction (PCR) primers and TagMan probes designed for Clavibacter michiganensis subsp. michiganensis

PCR Primers probe Sequence 5 - 3’ Target DNA Reference
Conventional CMM5 GCGAATAAGCCCATATCAA pCM2 plasmid gen pat-1 29
CMM6 CGTCAGGAGGTCGCTAATA
PSA-4 TCATTGGTCAATTCTGTCTCCC 16S-23S rDNA intergenic region 87
PSA-R TACTGAGATGTTTCACTTCCCC
CM3 CCTCGTGAGTGCCGGGAACGTATCC Chromosomal DNA 90
CM4 CCACGGTGGTTGATGCTCGCGAGAT
CmmlF GACAAGCACCTCTACACCTGG Cmm tomatinase gen 59
CmmIR TTGATCCCTGACTTCAGCGT
Real-time FP Cm TGTCGAGGGCATGTTGCACG 16S-23S rDNA intergenic region 9
RP Cm GGAGACAGAATTGACCAATGAT
Cmm probe? TTCCGTCGTCCTGTTGTGGATG
ITSYG-1 CGCGTCAGGCGTCTGTT 16S-23S rDNA intergenic region 107
ITSYG-2 AGTGGACGCGAGCATC
Cmm probe? TGGCGGTGGCGCTCATGG
Spméf TCAGGCGTCTGTTCTGGC 16S-23S rDNA intergenic region 66
Spm2r CCCACCACCATCCACAAC

Cmm probe®

CCTTCTGGGTGTGTCTGGTTTC

25" end labeled with FAM and 3’ end labeled with TAMRA (TagMan probe).
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subsp. michiganensis could be insufficient. Moreover, strict sani-
tary measures must be maintained in seed production fields to
minimize the risk of pathogen introduction.

Research on seed extraction and sanitation procedures is still
needed because at the moment, a safe method that ensures the
eradication of C. michiganensis subsp. michiganensis from natu-
rally infected seeds without reducing seed germination is not avail-
able. Pathogen populations can be reduced greatly but not eradi-
cated entirely (28,35,88,92,98), making the detection of remaining
viable bacteria more difficult. Moreover, seed treatments could also
induce the appearance of injured or VBNC bacteria, preventing
their growth on semi-selective media on which standard seed test-
ing protocols for C. michiganensis subsp. michiganensis are based.
Therefore, the influence on pathogen viability of seed treatments
currently used by the seed industry also requires further investigation.

Standard protocols for detecting C. michiganensis subsp. michi-
ganensis in tomato seeds are based on pathogen isolation and con-
firmation of pathogenicity (50,74), but true progress to improve
pathogen isolation from seeds has been scarce in the last two dec-
ades (26). Research on nonisolation methods, serological and
mainly PCR-based techniques, has intensified in recent years
(9,47,54,59,66,82,84,107), but in many cases they are only used as
presumptive tests because of their inability to confirm the presence
of viable and pathogenic cells required for a positive diagnosis
(74). However, there is a risk in using a commercial seed lot in
which the pathogen has been detected by different techniques even
though viable bacteria cannot be isolated. Accordingly, it seems
necessary to improve and review the test schemes for diagnosis and
detection of C. michiganensis subsp. michiganensis in seeds.

The recent advances in C. michiganensis subsp. michiganensis
genomics (39,40) and proteomics, together with microarray possi-
bilities, could lead to the discovery of new targets for detection and
diagnosis and, hopefully, innovative methods (64). Furthermore,
new data should be generated to provide a more complete picture
of the life cycle of this tomato pathogen to help in developing more
appropriate sampling and integrated methodologies for seed analysis.

|
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Table S. Sensitivity of polymerase chain reaction (PCR)-based methods described for detection of Clavibacter michiganensis subsp. michiganensis

Method Primers Sensitivity reported Reference
PCR CMM5/CMM6 10% CFU/50 seeds 29
CMM5/CMM6 103 CFU/ml seed extract 24
CMMS5/CMM6 10* CFU/ml pure culture 59
CM3/CM4 4 x 10 CFU/ml seed extract 90
CMMS5/CMM6; CM3/CM4 1 contaminated seed?/5,000 seeds 47
CMM5/CMMG6; PSA-4/PSA-R 1 contaminated seed®/2,000 seeds 69
CmmI1F/CmmIR 103 CFU/ml pure culture 59
PCR + hybridization CMM5/CMM6 2 x 102 CFU/ml plant homogenate 29
Enrichment PCR PSA-4/PSA-R 1 contaminated seed®/10,000 seeds T4
PSA-4/PSA-R 5 contaminated seeds®/5,000 seeds 69
Bio-PCR CMM5/CMM6; CM3/CM4 1 contaminated seed?/10,000 seeds 47
CMMS5/CMM6; PSA-4/PSA-R 1 contaminated seed®/5,000 seeds 69
Real-time PCR ITSYG-1/ITSYG-2 10? CFU/ml pure culture 107
ITSYG-1/ITSYG-2 10 contaminated seeds/1,000 seeds 107
Spm4f{/Spm2r 10? CFU/ml pure culture 66

2 Contamination rate of 102-10° CFU/seed.
b Contamination rate of 108 CFU/seed.
¢ At minimum contamination level of 4 x 102 CFU.

Table 5 was inadvertently omitted from this article when it first
appeared. It was added on 1 December 2011.




