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Abstract
Phytoplasmas are cell wall lacking bacteria, insect transmitted, and worldwide infecting carrots with severe epidemics.Molecular
tests on up to 4-month-old carrot seedlings from phytoplasma-positive seed batches, carried out under insect proof conditions,
indicated that in the early stages of the plant development, the phytoplasma-infected and not water-stressed plants are asymp-
tomatic. The phytoplasma seed transmission could represent a dangerous source of infection.
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Phytoplasmas are phloem-limited and insect-transmitted bac-
teria that lack cell walls and that have been associated in carrot
(Daucus carota) with redness of leaves, shoot proliferation,
and reduced tap roots quality. In Europe, phytoplasmas were
often detected in carrot and have been identified as belonging
to 16SrI and 16SrXII groups (Font et al. 1999; Duduk et al.
2008). Phytoplasmas were often associated with severe epi-
demics worldwide, and in several cases in carrot they were
associated with other pathogens such as spiroplasmas and
Candidatus Liberibacter solanacearum (Cebrián et al. 2010;
Satta et al. 2016). Symptoms associated with these bacteria are
undistinguishable; therefore, the presence of the diverse path-
ogens must be demonstrated by molecular tools such as spe-
cific DNA amplification. Although phytoplasmas are mainly
insect vectored, recent studies demonstrated their transmissi-
bility through seed in some plant species such as alfalfa, toma-
to, pea, corn, and coconut (Khan et al. 2002; Zwolinska et al.
2010; Calari et al. 2011; Oropeza et al. 2017; Satta et al. 2017,
2019). Symptoms have been observed only in a very low per-
centage of alfalfa and canola seedlings (Khan et al. 2002;
Olivier et al. 2010). It has been shown that phytoplasmas can
spread to phloem-related organs, such as the cellular parenchy-
ma (Siller et al. 1987) and to companion cells (Sears and
Klomparens 1989); however, the way in which it occurs has
not been clarified since the dimensions of these bacteria are

greater than those of the plasmodesmata, and at the same time,
the presence of specific movement proteins has not been de-
tected (Zambryski 2004). Phytoplasma infections, however,
are very common in floral structures, fruits, seeds, and embry-
os (Bertaccini and Marani 1982; Jiang et al. 2004; Nipah et al.
2007), while the analyses carried out on pollen did not show
their presence (Nečas et al. 2008). The recent success in the
cultivation of phytoplasmas isolated from maize seedlings de-
riving from infected mother plants demonstrated also their vi-
ability in the colonized seedlings (Satta et al. 2019).

Surveys were carried out to verify the presence of
phytoplasmas in seed carrots by Carminati et al. (2019) in which
29 batches of seeds were tested. Of these, 24 were positive for
phytoplasmas. A total of 400 seeds from three lots positive for
16SrI phytoplasmas (lot numbers 12, 15, and 18) and one neg-
ative lot (lot number 5) were sown in sterile soil in insect-proof
greenhouse under controlled conditions and showed 83.3 to
90% germination irrespective of the phytoplasma presence.

The DNAs from the same seedlings were extracted at the
cotyledon stage and three more times later, up to 4-month-old
plants with a CTABmethod (Angelini et al. 2001) from 1 g of
plant tissue. The DNAwas used as template after dilution 1:30
with sterile distilled water (SDW) for the phytoplasma ampli-
fication by nested-PCR of the 16S rRNA gene using the
R16F2n/R2 (Gundersen and Lee 1996) and R16(I)F1/R1
(Lee et al. 1994). Phytoplasma identification was achieved
by RFLP profiles on R16(I)F1/R1 amplicons with Tru1I re-
striction enzyme and direct amplicon sequencing.
Phylogenetic analyses were conducted in MEGA6 (Tamura
et al. 2013). For results confirmation, amplification was also
carried out on the tuf gene using the phytoplasma barcode
cocktail primers (Makarova et al. 2012). Phytoplasma strains
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are maintained in collection (Bertaccini 2014), and SDWwere
employed as positive and negative controls, respectively.

Among the 340 germinated seeds, 200 seedlings of the four
lots were tested in batches (14 seedlings per batch) or as single
plants at different times after sprouting. At the cotyledon stage
(about 3 weeks after sowing), they did not show symptoms;
however, phytoplasmas belonging to the ribosomal groups
16SrI and 16SrXII, also in double infection (Table 1), were
detected in 5 batches out of 14 tested (14 cotyledons per batch)
from two phytoplasma positive seed lots (numbers 15 and 18).
The 2-month-old seedlings resulted also symptomless, and 4
batches (of 14 plants each), in all the three phytoplasma in-
fected lots, were positive to 16SrI phytoplasmas (4/14
batches) (Table 1). Among the 26 4-month-old plants singly
tested, only one was positive to 16SrI phytoplasma (lot num-
ber 12). Further, 140 seedlings, placed for 3 weeks under
water shortage (stressed samples for further phytoplasma seed
transmission verification) showed symptoms of root malfor-
mation, leaf whitening, and browning (Fig. 1), not present in
the watered control plants, and were tested after 3 months: 5
out of the 14 batches (of 8 seedlings per batch) resulted pos-
itive to 16SrI phytoplasmas (Table 2). For the cotyledon and
seedling batches, the estimated proportion of a single sample
infection (p) was calculated using the maximum likelihood
estimator of p: p = 1 – Q1/K, where Q is the observed fraction
of not infected batches and K is the number of samples per
batch (Swallow 1985). The results showed that the p index
was 0.03 for cotyledons, 0.02 for the 2-month-old seedlings,
and 0.04 for the stressed seedlings. All the tested materials
from the phytoplasma negative seed lot number 5 always re-
sulted negative.

The sequences of all detected phytoplasmas enclosed in
16SrI group (Candidatus Phytoplasma asteris’-related
strains) resulted 99% identical to each other, and two repre-
sentative sequences among them were deposited in GenBank
(accession numbers MN398390 and MN398391). The se-
quence of the 16SrXII phytoplasma (Ca. P. solani-related

Table 1 Results of phytoplasma
detection in carrot seedlings

Fig. 1 Seedlings placed in water shortage conditions (stressed samples)
and showing symptoms of leaf whitening (left) and browning (right)
compared to an asymptomatic leaf from a not stressed carrot seedling
(in the middle)

Lot* samples (14 
seedlings per batch) Cotyledons

2 month-old 
seedlings

12 a Negative Negative

12 b Negative 16SrI

12 c Negative Negative

12 d Negative Negative

15 a Negative 16SrI

15 b 16SrI negative

15 c Negative negative

15 d Negative negative

18 a 16SrXII-A negative

18 b 16SrI 16SrI

18 c 16SrI + 16SrXII-A 16SrI

18 d Negative negative

18 e 16SrI negative

5 a Negative Negative

5 b Negative Negative

*Different color indicate different lots.
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strain) detected in single infection in the cotyledon was also
deposited in GenBank (accession number MN398389) and
clustered with a number of strains classified in the 16SrXII-
A subgroup (“stolbur” phytoplasmas). In the phylogenetic
tree, the clustering of these sequences confirmed the phyto-
plasma identification obtained with the RFLP analyses with
the R16(I)F1/R1 amplicons (Fig. 2). The phytoplasma pres-
ence and identity was confirmed by the amplification of the tuf
gene followed by direct sequencing and blasting into the

EPPO-Q-bank da t aba se (h t tp s : / /www.eppo . in t /
RESOURCES/eppo_databases/eppo_q_bank).

The anomalies and malformations affecting the floral organs
and the fruits of plants of several species infected with
phytoplasmas allow the production of seeds with reduced vitality
(McCoy et al. 1989), quality, and quantity. However, the severity
of this phenomenon is related to the time of the infection. Late
infections tend to give rise to normal amounts of seed which are
however infected (De La Rue et al. 2002) and will therefore give

‘Ca. P. australiense’ L76865

‘Ca. P. convolvuli’ JN833705

‘Ca. P. americanum’ DQ174122

Carrot phytoplasma 12 MN398389

‘Ca. P. solani’ AF248959

‘Ca. P. japonicum’ AB010425

Carrot phytoplasma 11 MN398390

‘Ca. P. lycopersici’ EF199549

‘Ca. P. asteris’ M30790

Carrot phytoplasma 13 MN398391
‘Ca. P. fragariae’ HM104662

A. laidlawii PG8A NR_076550

35
35

96

55

76
50

44

37

28

0.1

Fig. 2 The phylogenetic tree was inferred using the neighbor-joining
method (Saitou and Nei 1987) enclosing ribosomal gene 16Sr DNA. In
bold sequences of strains obtained from carrot seedlings 11, 13, and
cotyledon 12. The sequence of Acholeplasma laidlawii strain PG8A
was used as out group. On the right GenBank accession numbers, the

percentage of replicate trees in which the associated taxa clustered togeth-
er in the bootstrap test (1000 replicates) is shown next to the branches
(Felsenstein 1985). The evolutionary distances were computed using the
maximum composite likelihood method (Tamura et al. 2004) and are in
the units of the number of base substitutions per site

Table 2 Results of phytoplasma
detection in the 3-month-old
stressed carrot seedlings

Lot* samples (8 
seedling per batch)

Symptoms Phytoplasma ribosomal 
group identified

12a Leaf browning 16SrI
12b symptomless 16SrI
12c Leaf whitening Negative

12d Leaf whitening Negative

15a Leaf browning 16SrI
15b symptomless Negative

15c Leaf whitening Negative

15d Leaf whitening Negative

18a Leaf browning Negative

18b Leaf browning Negative

18c Leaf browning 16SrI
18c symptomless Negative

18d Leaf whitening Negative

18e Leaf whitening 16SrI
5a Leaf browning Negative

5b symptomless Negative

5c Leaf whitening Negative

*Different color indicate different lots.
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the pathogen a greater probability of transmission; on the other
hand, an early infection will result in such serious alterations of
the mother plant that the seed production is reduced. The recent
study on phytoplasma transmission to coconut seedlings
(Oropeza et al. 2017) leaves open the possibility that transmis-
sion may be less frequent in the natural environment and sug-
gests that the bacteria may be present in the early stages of life of
the seedling and be destroyed in subsequent phases by mecha-
nisms of endogenous defense. The results in this work confirm
that the phytoplasma presence in seedlings from infected seed
batches is asymptomatic, except in the water-stressed seedlings.
The 16SrI and 16SrXII phytoplasma seed transmission in carrot
could be relevant in field conditions when the possible insect
vectors can further enhance their dispersion using the few seed-
infected plants as source of inoculum. The phytoplasma seed
transmission appears therefore to be relevant and could represent
a dangerous source of inoculum. However, more study should be
carried out to evaluate the percentage of seed transmission and
the economic impact of phytoplasma seedling infection directly
in the carrot fields.
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