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Abstract

An investigation was undertaken to ascertain the presence of root-knot nematodes belonging to
Meloidogyne species in Romanian crops, other than vegetables, to which they are very dangerous. Based
on morphobiometrics and molecular characterization, three species of Meloidogyne were identified, i.e.
M. incognita on cactus (Mammillaria backebergiana), M. arenaria on grapes (Vitis vinifera) and M.
hapla on blueberry (Vaccinium myrtillus). PCR amplification and sequencing of the ITS containing
region, the mitochondrial intergenic region between the cyochrome oxidase Il and the 16S rRNA genes
and the SCAR species-specific markers were used to identify Meloidogyne species from Romanian
samples. Both SCAR sequences and PCR-RFLP analyses were able to quickly distinguish the four
different Meloidogyne species in Romania. Meloidogyne arenaria has been reported for the first time on
grapewine in Romania.
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1. Introduction

Meloidogyne is considered the most important genus of plant parasitic nematodes with a
worldwide distribution. The characteristic of Meloidogyne spp. is that they induce the formation
of gall on the roots, being thus known as root-knot nematodes (RKNs). RKNs are obligate plant
parasites that feed on roots and are able to parasitize almost every species of vascular plants
(JONES & al. [1]) and have very high reproduction and damage potentials. The tolerance limit
of the host crop plants to this parasite is generally less than 1 egg or second stage juveniles per
cm?® of soil (GRECO & al. [2]) and, due to this very low infectious dose, it can cause yield losses
ofup to 80% in heavily infested fields. Complete crop failure may also occur. Four RKN species
(M. arenaria, M. hapla, M. incognita and M. javanica) are considered of major economic
importance, among the more than one hundred RKN species described.

Traditionally, the identification of Meloidogyne is based on morphological features,
isozyme patterns, and host plant response to infection. However, morphological identification
of Meloidogyne is difficult and time-consuming even for experienced nematologists.

Quick and accurate diagnosis of a nematode species is, instead, necessary to adopt proper
control strategies (PERRY & al. [3]). Thus for a reproducible identification the molecular
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techniques are the best approaches because DNA profiles are not stage-specific. In particular,
sequences of nuclear ribosomal (rDNA) and mitochondrial DNA (mtDNA) have been largely
used to identify nematodes to species level. Multiplex PCR methods are widely used to identify
more species occurring in a nematode mixture by a single PCR test. Real-time PCR approaches
allow the detection and quantification of nematodes in soil. Another diagnostic technique used
to identify RKN species by starting from a single specimens is the specific sequence-
characterized-amplified-region, SCAR marker, which gives rapid and reproducible
identification of Meloidogyne species (ZIJLSTRA & al. [4], RANDIG & al. [5], MENG & al.
[6], BELLAFIORE & al. [7]).

In Europe and all over the world, Meloidogyne spp. have become more important due to
the ban of methyl bromide and other fumigant nematicide and in the last decade, several studies
have been conducted on distribution, diagnosis and several new species have been described
(WESEMAEL & al. [8]). Little is known about the presence of RKN in Romania: M. incognita
and M. hapla have been mainly found in vegetable fields and in protected areas (greenhouses,
plastic tunnels) (BOROS & al. [9]). So far, no information is available on the presence of
Meloidogyne spp. on other host plants. The objectives of the present study were to collect RKN
from different areas of Romania and from different host plants and to identify and characterize
them by using a polyphasic approach (molecular, morphometrics and morphological analyses).
SCAR sequencing and RFLP profiles of the mitochondrial coll-16S rRNA gene are fast and
useful methods to characterize Meloidogyne species.

2. Material and methods
2.1 The origin of the populations of nematodes

Soil and root samples were collected from crops other than vegetables, namely from
grapevine (Vitis vinifera), blueberry (Vaccinium myrtillus) and a species of ornamental cactus
(Mammillaria backebergiana), during April-September 2016.

Four soil samples, containing also roots, were taken from the same vineyard, in the
commune of Gropeni located on the left bank of the Danube River, in Brdila county. The
vineyard was planted with the variety Tamaioasa romaneasca, was over 25 years old, and
covered an area of 1 hectare. Eight soil samples were taken and two mature plants were uprooted
from a blueberry plantation in the village Sebes of the commune Harseni, Brasov County. The
village is located near the river Sebes, at a distance of 15 km from the town of Fagaras. The
blueberry orchard was planted with the cultivar Chandler, covered an area of 0.5 hectares, and
had been established in 2014. Also, a soil sample was collected from the rhizosphere of a
species of ornamental cactus in a private garden in Brasov.

Soil samples from the grapevine and the blueberry were taken from the rhizosphere at a
depth of 15-20 cm. Each sample of about 1 kg was a composite of more sub-samples. The
samples were stored in self-sealable polyethylene bags, labeled and stored at 10 ° C for seven
days. Each samples was subdivided into sub-samples (100 g) and nematodes (juveniles and
males) were extracted by the centrifugation and flotation method (JENKINS [10]).

2.2 Morphological and morphometric characterization (morpho-biometric)

Males and juveniles recovered after the extraction were killed (in hot water) and mounted.
For mounting, the TAF solution was used (formaldehyde 7 ml, triethanolamine 2ml and 91 ml
distilled water).The preliminary examination, the microscopic slides preparations and the
morphologic identification were performed at the Regional Laboratory of Nematology-Brasov,
while the morphometric observations were performed at the Central Phytosanitary Laboratory-
Ilfov.The examination was performed with the optical microscope Leica DMLB with camera
Leica DC300 and Leica DFC295 image-processing software.
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For the extraction of the females, the roots were previously washed with tap water to
remove the sticky soil and then dried by pressing them with a paper towel.

The females were extracted from the inner part of the roots using a scalpel with fine blade
(ophthalmic use) using a binocular stereomicroscope (Leica MZ95) at 20x magnification, and
then processed to prepare perineal patterns. Therefore, females were cut in lactic acid 45% and
mounted in glycerin (HARTMAN & al. [11]). Examination and photographing of the perineal
patterns were made under an optical microscope as described by Jepson (JEPSON [12]).

To collect the nematode eggs, the roots were cut in 2 cm long pieces, put in a jar, added
with a 0.5% NaCl solution and shaken for 2 minutes (HUSSEY & al. [13]).The slurry obtained
was sieved through a 74pum mounted on a 25um sieve, washed with tap water to eliminate the
residue of NaCl and the eggs and second stage juveniles remaining on the 25um sieve were
collected in a beaker.

The following morpho-biometry characters were examined: 1) females: opening of the
dorsal esophageal gland orifice at the base of stylet (DGO), length and the shape of the stylet
and stylet knobs; ii) males: aperture of the dorsal esophageal gland orifice at the base of the
stylet (DGO), length and shape of the stylet, and length of the spicules iii) juveniles (J2): body
length, aperture of the dorsal esophageal gland orifice the base of the stylet (DGO), tail length,
and length of the hyaline tail terminus; iv) eggs: length and width.

2.3 DNA extraction from individual J2

Genomic DNA was extracted from individual juveniles, as described by De Luca (DE
LUCA& al. [14]). The crude DNA isolated from each specimen was directly amplified by using
three sets of universal primers. The ITS containing region was amplified using the forward
primer 18S (5-TGATTACGTCCCTGCCTTT-3) and the reverse primer 26S (5'-
TTTCACTCGCCGTTACTAAGG-3") (VRAIN & al. [15]), while the region of the
mitochondrial genome between the cytochrome oxidase subunit II (coll) and the 16S rRNA
genes was amplified using two primer datasets: the forward primer C2F3 (5'-
GGTCAATGTTCAGAAATTTGTGG-3") and two reverse primers: 1108  (5'-
TACCTTTGACCAATCACGCT-3') (POWERS & al. [16]) and the MRHI106 (5'-
AATTTCTAAAGACTTTTCTTAGT-3") (STANTON & al.[17]).

PCR cycling conditions used for amplification of the ITS region were: an initial
denaturation at 94°C for 5 min, followed by 35 cycles of denaturation at 94°C for 50 s,
annealing at 55°C for 50 s and extension at 72°C for 1 min and a final step at 72°C for 7 min.
For coll the PCR conditions were: initial denaturation at 94°C for 5 min, followed by 45 cycles
of denaturation at 94°C for 30 s, annealing at 48°C for 30 s and extension at 60°C for 30s and
a final step at 72°C for 7 min. In order to quickly identify the species, the crude DNA extracted
from individual juveniles was amplified by using the following SCAR primer set: Finc/Rinc
(ZIILSTRA & al. [4]) and INCK14F/INCK14 (RANDING & al.[5]) for M. incognita,
Fjav/Rjav (ZIJLSTRA & al. [4]) and SCAR MJF/SCARMIJR (MENG& al.[6]) for M. javanica,
Far/Rar (ZIJLSTRA & al. [4]) for M. arenaria, Fhapla/Rhapla (ZIJLSTRA & al. [4]) for M.
hapla. Amplifications were performed using the following conditions: initial denaturation at
94°C for 3 min, followed by 35 cycles of denaturation at 94°C for 30 s, annealing at 60°C for
30 s and extension at 72°C for 1 min and a final step at 72°C for 7 min. The size of amplification
products was determined by comparison with the molecular weight marker ladder 100
(Fermentas, St Leon-Rot, Germany) following electrophoresis of 10 ul on a 1% agarose gel.

Sequencing

PCR products of the ITS containing region (2 specimens for each sample), the
mitochondrial coll (2 specimens for each sample) and the specific SCAR marker (2 individual
nematodes for each sample) were purified for sequencing using the protocol listed by the
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manufacturer O\IucleoSpin® Gel and PCR Clean-up, Macherey-Nagel). Purified DNA fragments
were cloned and sequenced in both directions. A BLAST (Basic Local Alignment Search Tool)
search at NCBI (National Center for Biotechnology Information) was performed using the ITS,
the partial coll-16S and SCAR sequences as queries to confirm their nematode origins
(ALTSCHUL al. [18]) and the identification as M. arenaria, M. hapla and M. incognita. The
consensus sequences of newly obtained sequences were submitted to the GenBank database under
accession numbers: for the ITS, for COII, and for the specific SCAR marker.

RFLP analysis

The RFLP analyses of the ITS and coll-16S markers were conducted on individual
specimens for each species. Ten ul of each ITS product was digested with five units of the
following restriction enzymes: Alul,Sau3A, Pvull, Pstl, Hinfl, Rsal, Haelll, Hindlll, while
coll-16S products were digested with the diagnostic restriction enzyme Hinf I (Promega).
Digested products were separated onto a 2.5% agarose gel by electrophoresis, stained with gel
red, visualized on a UV transilluminator and recorded by photography with a digital system.

2. Results and discussion

Measurements of all developmental stages of the three species of RKNs and the data were
processed by MaxState Lite software (Table 1). Based on morpho-biometric and molecular
analyses, we determined that the grapevine was infested with Meloidogyne arenaria (Figure 1),
blueberry plantation with M. hapla (Figure 3), while the cactus was infested with M. incognita
(Figure 5).

Table 1. Measurements (in um) of females, males, second-stages juveniles and eggs of Meloidogyne
hapla, Meloidogyne arenaria and Meloidogyne incognita (mean + standard deviation and range).

Species character Meloidogyne hapla Meloidogyne arenaria Meloidogyne incognita
Females n=12 n=10 n=15
Stylet length 14.08 £1.97 14.45+1.97 13.46 £1.35
(11-17) (11-16) (11-15)
DGO* 4.08 +0.66 420+ 0.4 4+0.53
3-95 (3.30-17.8) 3-9)
Males n=28 n=2 n=6
Stylet length 20.62 £2.06 21.15+£0.21 24.16 £1.47
(17 -23) (21 -21.3) (22 -26)
DGO 3.12+0.64 5.2+0.28 3.83+0.98
2-4 (5-54) 2-5)
Spicule length 28.62+£2.26 35+4.24 34.50+0.83
(25-31) (32-38) (33-35)
Juveniles J2 n=20 n=10 n=15
Body length 407.25 £37.99 5293 +£51.15 406.26 £ 26.72
(350 —475) (408 — 590) (355 -450)
DGO 3.16£0.3 3.3+0.33 2.18+0.26
2.5-3.9) (2.8-3.8) (2-2.8)
Tail length 61.70 +4.39 50.6 £ 6.53 53.73+3.15
(55-69) (41 -59) (50 -59)
Hyaline region 14.95+3.3 10.4 +2.36 10.13 £2.06
(11-19) (6-14) (6-14)
Eggs n=28 n=28 n=12
Length 78.12 £ 8.35 78.12+£9.97 80.91 +1.44
(71 -90) (70 - 101) (80 —85)
Width 40.37+£0.74 36.25+£1.16 32.16 +4.1
(40 — 42) (35 -38) (28 —38)

*DGO: dorsal esophageal gland orifice.
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3.1 Meloidogyne arenaria

3.1.1 Morpho-biometrics

Females: pear-shaped body, robust stylet, the knobs at the stylet base rounded, sometimes
elongated, DGO 4.2 on average in the 10 females examined. Perineal pattern with variable
aspect overall looks rounded to ovoid, with fallen dorsal arch. Distinct lateral fields and to some
extent irregular. Striae intertwined.

Males: labial region not offset, side lips absent, head cap flat to concave, DGO had a
minimum of 2 and a maximum of 4pm. Stylet knobs rounded to transversally elongate.

Juveniles: averaged 529.3um long. DGO with a minimum length of 2.8um and head cap
anteriorly flattened. The tail tip is rounded to pointed.

Eggs: the largest egg measured had 101p in length and 38y in width while the smallest
egg were 70 in length and 35p in width.

Additional characters observed: in the grapevine, the galls induced by the nematode were
relatively large and irregular.

Figure 1. Micrographs of perineal pattern (A) scale bar = 20p; male (B) - anterior region,
scale bar = 10y; female emerging from roots (C) of Meloidogyne arenaria on Vitis vinifera.
Abbreviations — da: dorsal arch, ph: phasmid, a: anus, v: vulva, s: striae, st: stylet, k: knobs,

DGO: dorsal esophageal gland orifice at the base of stylet, r: root, f: female.

3.1.2 Molecular analyses

The amplification of the ITS, the partial mitochondrial region between the cox II and the
16S rRNA genes and the species-specific SCAR fragment of M. arenaria yielded a single
fragment of approximately 800 bp, 1700 bp, and 420 bp, respectively, based on sequencing.
ITS-RFLP analysis of M. arenaria revealed restriction profiles identical to those of M. javanica.
PCR amplification of the coll-16STRNA of the mtDNA produced a fragment of 1300 bp as
reported for USA isolates (HUGALL& al.[19], STANTON & al. [17], HAN & al. [20]), in
contrast to the Japanese, Korean and Pakistan isolates with a fragment of 1700 bp (NAZ & al.
[21], POWERS& al. [16]).

The digestion of the mitcoll-16S with the diagnostic enzyme Hinfl, produced two
fragments: 1200 bp and 100 bp, the specific profile of the smaller haplotype A by virtue of a
527 bp deletion in the intergenic region (Figure 2). M1

2 3

1.0
Figure 2. Fragments obtained after digestion of the C2F3/1008 product of -

Meloidogyne arenaria with the Hinf I enzyme. M: 100 bp marker ladder °-°%
with the position of the 0.5 kbp and 1kbp bands indicated by arrows. Lanes
1, 2 and 3: individual nematodes.
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The specific SCAR primers Far/Rar gave reliable results and the product was easily
amplified from individual specimens. The size of SCAR marker for Romanian M. arenaria was
420 bp as expected (ZIJLSTRA & al. [4]). All together, these data support the identification of
the RKN in grapevine fields as M. arenaria.

3.2 Meloidogyne hapla
3.2.1 Morpho-biometrics

Females: the examination revealed the pear-shape of the females, with no posterior
terminal protuberance. The stylet had an average of 14.08u while DGO had an average value
of 4p. The basal knobs of the stylet were generally small and rounded. The perineal pattern of
the females examined revealed a low dorsal arch, near the anus there were characteristic
punctuations, and lateral fields and the striae were fine. The phasmids relatively distanced.

Males: the length of the stylet had an average of 20.62pn while the DGO value had a
minimum of measurements 2 and a maximum of 4, the distance of the DGO to the base of
the knobs is short. Labial region offset. In our specimens, the basal stylet knobs were relatively
small and rounded.

Juveniles: the hemizonid, rather poorly observable, anterior reported to the excretory
pore. The juveniles had an average of 407.2u. The largest juvenile measured 475, unlike other
literature values - 500pn (PERRY & al. [22]).The DGO value with a minimum of 2.5 and a
maximum of 3.9, value similar to many publications. The length of the tail had an average of
61.7p while the hyaline zone of the tail had a minimum of 11pi, a maximum of 19p. The hyaline
area of the tail had irregular shape, the tail tip was rounded on all the specimens examined, and
hyaline tail terminus is not clearly demarcated.

Eggs: the eight eggs measured had an average length of 78.12pum and an average width
of 40.37um.

Additional characters observed: in all perineal patterns examined, the ventral striae
extended laterally, taking the form of a wing. Also, the females’ neck was very short. All the
eggs examined were still not embryonated. The galls observed were relatively small and many
of them were seen on secondary roots.

Figure 3. Micrographs of perineal pattern (A) scale bar = 20p; male (B) - anterior region,
scale bar = 10p; infected host plant(C) with Meloidogyne hapla on Vaccinium myrtillus.
Abbreviations — p: punctuations, ph: phasmid, a: anus, v: vulva, LI: lateral lines, hc: head cap,
st: stylet, k: knobs, DGO: dorsal esophageal gland orifice at the base of stylet.

3.2.2 Molecular analyses

The amplification of the ITS, the partial mitochondrial region between the coll and the 16S
rRNA genes and the species-specific SCAR fragment of M. hapla yielded a single fragment of
approximately 766 bp, 660 bp, and 610 bp, respectively, based on sequencing. ITS-RFLP analysis
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of M. hapla revealed species-specific restriction profile identical to those determined in other M.
hapla populations. Rsa I pattern produced the typical two bands for M. hapla of 550 bp and 150
bp and no band in M. javanica and M. arenaria. The ITS sequences of M. hapla from Romania
showed a 99% identity with all M. hapla sequences present in the database. PCR amplification
of the coll-16SrRNA of the mtDNA produced a fragment of 520 bp as expected. BLAST search
of the 520 bp fragment showed 99% similarity with the corresponding sequences present in the
database. The digestion of the mtcoll-16S with the diagnostic enzyme Hinf I, produced two
fragments: 553 bp and 103 bp, longer than those reported in the literature (Figure 4, lane 3). The
identity of this species was further confirmed by using the Fh/Rh SCAR primer set that amplified
a 610 bp fragment in individual specimens of the Romanian M. hapla as expected.

Figure 4. HinfI restriction profiles of Coll-16SrDNA amplified products of
Meloidogyne incognita, M. arenaria, M. hapla and M. javanica from
Romania. M: 100 bp marker ladder with the position of the 0.5 kbp and 1kbp
bands indicated by arrows. Lane 1: Meloidogyne incognita; lane 2:
Meloidogyne arenaria; lane 3: Meloidogyne hapla; lane 4: Meloidogyne
javanica.

3.3 Meloidogyne incognita
3.3.1 Morpho-biometrics

Females: spherical body, with an average stylet length of 13.46pum, and an average value
DGO of 4 in the 15 specimens examined. The basal knobs of the stylet were rounded. The
perineal pattern had a relatively large dorsal arch, boxy, undulating striae spaced, and side striae
absent. Males: the specimens examined had the lowest stylet length of 22um, and the largest of
26um. The head region was subdivided by incomplete head annulations. The DGO value had
an average of 3.83um and the average length of the spicules was 34.5um, relatively short. Head
not offset. Basal stylet knobs rounded or slightly elongated. Lateral lips absent. Juveniles:
hemizonid located anterior to the excretory pore. The juveniles had an average length of
406.2um while the largest juvenile was 450um long. The average DGO value was 2.18um.The
length of the tail was of 50-59um while the hyaline portion did not exceed 14um and was not
less than 6um long. The tip of the tail was rounded.

Eggs: average length of 80.9u and average width of 32.16um.

Additional characters observed: in some male specimens four lateral fields were
observed. In a few males two testicles were visible. Spicules slightly curved. Galls on the roots
had irregular shape.

DGO

¢
i
Figure 5. Micrographs of perineal pattern (A) scale bar = 20u; male (B) - anterior region,
scale bar = 10y;galls of Meloidogyne incognita(C)on the rootsof Mammillaria backebergiana.
Abbreviations — da: dorsal arch, ph: phasmid,a: anus, v: vulva, s: striae, st: stylet, k: knobs,
DGO: dorsal esophageal gland orifice at the base of stylet, g: galls, r: roots.
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3.3.2 Molecular analyses

The amplification of the ITS, the partial mitochondrial region between the cox II and the
16S rRNA genes of M. incognita yielded a single fragment of approximately 760 bp and 1700
bp, respectively, based on sequencing.

Two species-specific SCAR primer set were used for M. incognita. The Finc/Rinc
produced in all specimens amplified in the Romanian M. incognita two bands: one of 1200 bp
as expected, and a second band of 575 bp. while the inc-K-14F/inc-k-14R primers produced the
expected band of 400 bp (Figure 6).

M 1

2 3

Figure 6. Amplification products with the Meloidogyne incognita SCAR
species-specific primers inc-k14F/inc-K14R and Finc/Rinc. M: 100 bp
marker ladder with the position of the 0.5 kbp and 1kbp bands indicated by
arrows. Lane 1 and 2: SCAR primers Finc/Rinc; lane 3: SCAR primers inc-
k14F/inc-K14R.

1.0
Kb
0.5

Both fragments obtained with Finc/Rinc primers, were cloned and sequenced. The ITS
sequences of M. incognita from Romania showed a 99% identity with all M. incognita and M.
Jjavanica sequences present in the database. ITS-RFLP analysis of M. incognita revealed a
species-specific restriction profile identical to those determined in other M. incognita
populations. Rsa I pattern produced the typical two bands for M. incognita of 500 bp and 250
bp and no band in M. javanica and M. arenaria. PCR amplification of the coll-16SrRNA of the
mtDNA produced a fragment of 1700 bp as expected. The digestion of the mtcoll-16S with the
diagnostic enzyme Hinf I, produced two fragments: one of 1300 bp and the second one of 350
bp, an extra band was visible corresponding to the undigested fragment.

Although examination of the females’ perineal pattern in all species of Meloidogyne is
widely used in the diagnosis of this nematode, this character cannot be considered for the
diagnosis of species without studying the other developmental stages. However, the females’
perineal pattern characterization and the observation of the other characters of the males, the
juveniles and the eggs would be sufficient to make an accurate diagnosis, for an experienced
diagnostician. However, the combination of morpho-biometric characters with the molecular
analyses could lead to a more accurate diagnostic. This study combined classical diagnostic
methods with molecular biology ones, thus achieving the characterization of some populations
of nematodes that have not been described by now in Romania, in host plants such as grapevine,
blueberry and cactus.

4. Conclusions

The morpho-biometric values obtained from the three species of root-knot nematodes in
Romania are similar to the values from the international reference publications. The differences
are not significant enough to suggest the presence of possible new species.

This study has highlighted the difficulty of diagnosis in root-knot nematodes only by
simply examining a relatively small number of perineal patterns. The difficulty increases
because of the existence of considerable variation between and within the populations.
(HERNANDES & al. [23]). Another important thing is that nematodes belonging to the three
species have been detected and identified in pure population and not mixed populations. The
results presented above represent the first report on the morphology, morphometry and
molecular diagnostic of the species Meloidogyne in Romania, described in host plants
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unreported until now. The results of this study indicate that the common species of Meloidogyne
are present in crops such as grapevine and blueberry, and this aspect requires future monitoring
in terms of productivity within those areas and of avoiding the spreading in neighboring fields.
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