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Abstract: Kretzschmaria zonata (Lév.) P.M.D. Martin is a fungus that causes root and neck rot in teak
(Tectona grandis L.) worldwide. The detection of this fungus in asymptomatic plants is essential for its
control but, to date, the disease can only be detected morphologically or by sequencing this fungus’s
isolates. The aim of this work was to design, at least, one set of specific PCR primers for a quickly,
early and accurate diagnosis of this pathogen. Nineteen isolates of K. zonata from teak plants at
different locations in Mexico were obtained. ITS region sequences and two software were used to
design the PCR-based primers. All primers obtained were tested on DNA samples from infected
teak tissue, K. zonata pure isolates, and other different fungi species (in vitro and in silico). The
sensitivity of the primers was evaluated at five different concentrations of target DNA. The primer
set KZ-AQ-3F/KZ-AQ-3R was selected for its specificity (amplifies only K. zonata) and sensitivity
(1 × 10−5 ng/µL detection). This is the first report of a Kretzschmaria zonata-specific primer set. Tests
carried out on asymptomatic teak and artificially inoculated plants with this fungus demonstrated the
usefulness of these primers for the accurate detection of K. zonata, and taking early control measures.

Keywords: Tectona grandis; Kretzschmaria zonata; specific PCR primers; teak; root and neck rot

1. Introduction

Tectona grandis Linn. (Verbenaceae) is among the most valuable species of the tropics
and is common in deciduous forests and well-drained alluvial soils [1]. This species is
native to South and Southeast Asia, mainly India, Indonesia, Malaysia and Myanmar [2],
but it has been introduced in more than 35 tropical countries across Asia, Africa and
America [1]. In Mexico, it is planted in the states of Campeche, Chiapas, Tabasco, Veracruz,
Michoacán and Nayarit [3].

Teak wood has many properties, which makes it highly valuable, along with its
lightness and at the same time its strength, ease of use without cracking and splitting, its
resistance to termites and weather, its durability and its resistance to decay, even when it
is unprotected by paints or preservatives. For all these reasons, it is extensively used to
manufacture furniture, in boat and shipbuilding, in house construction, as a decorative
veneer, to make musical instruments and handicrafts, and in woodcarving [1,4]. In addition,
teak is a major constituent in traditional medicine in different countries. This plant is used
in treatments of different ailments such as urinary diseases, biliousness, hyperacidity,
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diabetes, leprosy, scabies and bronchitis, as well as being used as a laxative or sedative.
Furthermore, a teak wood powder paste has been used to treat headache and swelling; and
leaf extracts of this species are widely used in Asian folklore for the treatment of various
kinds of wounds, especially burn wounds [1,5].

The oldest recorded report of a disease in teak (leaf rust) dates from 1960 [6]. Subse-
quently, many fungal [7] and some bacterial pathogens [8] have been found in plantations
of this species worldwide.

Bacterial diseases such as cotyledon rot, collar rot and seedling wilt are caused by
Pseudomonas tectonae in teak. A severe incidence of these diseases resulted in the failure of
nurseries and large-scale mortality of plants in young plantations [8]. Meanwhile, Crown
gall caused by the Agrobacterium tumefaciens species complex emerged as a significant
nursery disease in Brazil [9].

Among fungal diseases of teak, some stand out due to the severity of the damage they
cause. Root rot, which contributes to the fall of affected trees, is caused by the pathogens
Polyporus zonalis and Peniophora rhizomorpho-sulphurea [10], Rigidoporus lignosus [11], and
Phellinus noxius [12]. Lasiodiplodia theobromae causes canker disease, a serious threat to
the commercial industry, since the affected trees are unsuitable for timber purposes [13].
Another economically important fungal disease is teak leaf rust, caused by Olivea tectonae,
the symptoms (angular brown to grey necrotic areas on the adaxial leaf surface) of which
have been observed on the leaves and inflorescences of diseased plants. This pathogen
has been reported in almost all teak-producing countries and causes loss of most leaves
on severely affected teak plants [14–17]. Serious yield and quality losses occur when Wilt
disease appears on Tectona grandis, and this disease can be caused by different pathogens
such as Thielaviopsis basicola [18,19], Ceratocystis fimbriata [20], and the Fusarium oxysporum
species complex [9].

Generally, fruits and the aerial parts of teak have a higher incidence of fungi. Species
such as Aspergillus niger, Chaetomium globosum, Cunninghamella sp., Fusarium moniliforme,
Rhizopus stolonifer, and Sphaeronema sp. have been recorded affecting above 50% of teak plan-
tations. Fusarium semitectum and Fusarium solani were also recorded at a high incidence [7,21].

The fungus Kretzschmaria zonata (Lév.) P.M.D. Martin has been reported on teak in
Nigeria [22], Mexico [23] and, recently, Brazil, where teak trees showed typical die-back
symptoms with root collar rot; and a phylogenetic study of the internal transcribed spacer
(ITS) region of rDNA confirmed that the isolates belonged to Kretzschmaria zonata [24]. This
disease begins in the root and spreads to the collar of the tree, causing a collapse in sap
flow, leading to mortality [23,24].

For more than a decade now, in southeastern Mexico, the disease that causes root
and neck rot of teak has triggered severe mortality in trees aged four to eight years. The
causal pathogen was morphologically identified as Kretzschmaria zonata (Lév.) [23]. In this
country, teak plantations cover 18,716 ha, which represents almost 10% of the commercial
forest area of Mexico; and due to the qualities of the wood of this species, the plantation
area is predicted to increase [25]. The detection of this pathogen in asymptomatic plants
is essential for its control but, to date, the disease can only be detected by morphological
examination, when symptoms appear and the teak tree is already dying, or by sequencing
this fungus’s isolates, which can cause a delay in taking control measures. Therefore, an
early, fast and accurate diagnosis of this disease’s causative pathogen is necessary, in order
to apply control measures on symptomless plants, and avoid losses greater than those that
already occur.

For all the above reasons, the main aim of this work was to design, at least, a set of
species-specific primers of Kretzschmaria zonata, for early and fast diagnosis of this causative
pathogen of root and neck rot of teak. This molecular tool will facilitate disease control
through elimination of infected but symptomless plants.
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2. Materials and Methods
2.1. Fungal Isolation

Samples from teak trees were collected from different localities of Mexico: an orchard
property of the Bienes Ecoforestales S. P. R. de R. L. company, located at the municipality of
Tizimin, Yucatán state; two orchards at the Hopelchen and Candelaria municipalities of
Campeche state; four orchards located at the Huimanguillo municipality of Tabasco state;
and another orchard in Palenque, a municipality of Chiapas state.

In order to isolate fungal strains, tissue samples were obtained from three different
types of lesions on teak plants: from the basal part of teak stems showing early symptoms
of the disease (reduced stem diameter and slight cracks at the base); from teak roots that
presented small necrotic areas, as well as slight mycelial development; and from trees with
advanced symptoms, such as aggregation and stripping of the base, stems with hyperplasia
(skirt) and rot, as well as the beginning of the stromal formation of the fungus (Figure 1).
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Figure 1. (a) Advanced symptoms of root and neck rot of teak, debarking with hyperplasia at stem
base, can be observed; (b) teak stem cut longitudinally where the progress of the fungus from the
base to upper part of the stem can be seen.

The samples of trees with initial symptoms were collected with the help of a bayonet
disinfected with 70% sodium hypochlorite, and the advanced lesions of both stem and
root, with a knife or chainsaw, also disinfected with 70% sodium hypochlorite, to take a
lesion segment. Later, with a sterile pair of forceps, samples were placed in a plastic bag,
properly labeled.

At the laboratory, all samples were washed with plenty of tap water, to remove soil
particles and vegetative material remains. The tissues were disinfected in a 10% commercial
sodium hypochlorite solution with 0.1% tween 20. Afterwards, the samples were rinsed
with sterile distilled water; and under sterile conditions, they were cut into small segments
of 5 mm × 5 mm in diameter. A fraction of each sample was separated to extract genomic
DNA directly from the tissue and the rest were used to obtain fungal isolates. In order
to obtain fungal isolates, the above-mentioned segments were placed in Petri dishes,
containing modified YMPG sterile semisolid culture medium (yeast extract (Difco, Waltham,
MA, USA) 2 g/L, malt extract (Bioxon, Mexico) 10 g/L, peptone (Bioxon, Mexico) 2 g/L,
glucose (Sigma, Mexico) 10 g/L, KH2PO4 (Sigma, Mexico) 2 g/L, MgSO4: H2O (Sigma,
Mexico) 1 g/L, thiamine (Sigma, Mexico) 1 mg/L, bacteriological agar (Bioxon, Mexico)
20 g/L, and distilled H2O). Petri dishes were incubated in a FELISA brand incubator
(Model FE-133D, Mexico City, Mexico) in dark conditions, at temperature of 28 ± 2 ◦C. The
inoculated plates were checked every 24 h, to verify the development of fungal colonies.
The isolates obtained underwent the hypha tip technique to obtain pure fungal strains.
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These strains were subcultured again, under the same conditions previously described.
From the total isolates obtained, nineteen, representative, in terms of morphology, of those
that had been isolated from the three types of samples taken, were selected for the entire
study. The growth and morphology of the fungal colonies were observed for 30 days.
Microscopic observations of the fungal structures obtained were made in a Axiostar plus,
Carl Zeiss microscope (Oberkochen, Germany).

2.2. Genomic DNA Isolation

Total genomic DNA was extracted, according to the Tapia–Tusell protocol [26], from
the 128 samples of infected plant tissues obtained in the collections; also from the mycelium
of nineteen putative isolates of K. zonata and seven other species of fungi (as negative
controls), according to the Tapia–Tusell protocol [27]. The resulting DNA were dried at
room temperature and dissolved in 50 µL of sterile distilled water.

The DNA concentration of each sample was determined using a Nanodrop 2000
spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) at 260/280 nm; and
then the samples were diluted in sterile distilled water to a final concentration of 20 ng/µL.
The quality and integrity of the DNA samples were verified on a 0.8% agarose (Invitrogen,
Carslbad, CA, USA) gel, and visualized by ethidium bromide staining.

2.3. Fungal DNA Sequencing

The nineteen selected isolates were molecularly identified by nucleotide sequence
analysis. The 5.8-ITS regions were amplified with the universal primers ITS1 and ITS4 [28].
PCR reactions were performed in reaction volumes of 25 µL containing: 50 ng of genomic
DNA, 1X PCR buffer (10X: 200 mM Tris–HCl, 500 mM KCl, pH 8.4; Invitrogen, Carslbad, CA,
USA), 0.20 mM of each dNTP (Invitrogen, Carslbad, CA, USA), 1.5 mM MgCl2 (Invitrogen,
Carslbad, CA, USA), 1 µM of each primer, and 1.0 U Platinum Taq DNA polymerase
(Invitrogen, Carslbad, CA, USA). DNA amplification was performed in a Thermal cycler
2720 (Applied Biosystems, Foster City, California, USA) and the program consisted of
an initial denaturing step at 94 ◦C for 4 min, followed by 30 cycles of 1 min at 94 ◦C,
1 min at 58 ◦C and 1 min at 72 ◦C, and a final extension step of 7 min at 72 ◦C. PCR
products were separated by electrophoresis in 1.5% (w/v) agarose (Invitrogen, Carslbad,
CA, USA) gels and visualized by ethidium bromide staining. PCR products were purified
and sequenced by Macrogen Inc. Korea. Alignment and edition were carried out with the
BioEdit Sequence Alignment program [29] and visually corrected. When trying to align
the sequences obtained with those registered in the NCBI database, we found that there
was no records at that time for the species K. zonata, so a phylogenetic tree was made with
the sequences obtained and sequences of other Kretzschmaria species that have ITS region
sequences recorded in this database, in order to identify all isolates from this work.

2.4. Design of Kretzschmaria zonata-Specific PCR Primers

Once the sequences of the 5.8-ITS region of the rDNA gene from nineteen isolates were
obtained, and their identities as K. zonata were verified, a multiple sequence alignment
was made for these sequences, using the BioEdit Sequence Alignment program [29]. The
alignment was analyzed to identify specific and unique sites of K. zonata in this sequence,
and then a consensus sequence was generated. From this consensus sequence, primers that
specifically amplify this fungus were developed using Primer3 v. 0.4.0 software [30] and
PrimerQuest Tool IDT integrated DNA technologies, USA.

The specificity of the designed primer sequences was confirmed in silico, before their
synthesis.

Sequences of the ITS region of thirteen fungi species of the genus Kretzschmaria and
eleven other fungal species (Table 1) were searched in the NCBI database, to evaluate in
silico, with the software Genome Compiler, with the specificity of all primer sets obtained.
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Table 1. List of fungal species and their NCBI sequence accessions, with which the specificity of the
primer sets obtained was tested in silico.

Species NCBI Accession Number

Kretzschmaria deusta MH084755

Ustidina deusta AF201718

Kretzschmaria hedjaroudei MH084757

Kretzschmaria lucida KP133208

Kretzschmaria clavus KP133206

Kretzschmaria neocaledonica GU300078

Kretzschmaria sandvicensis KP133209

Kretzschmaria pavimentosa MF770843

Kretzschmaria iranica MH084758

Kretzschmaria quercicola KX260114

Kretzschmaria zelandica MN007020

Kretzschmaria megalospora EF026124

Kretzschmaria guyanensis GU300079

Kretzschmaria micropus KJ154955

Ceratocystis fimbriata AF264904

Fusarium solani MF996559.1

Fusarium oxysporum MT001892.1

Lasiodiplodia theobromae KJ412514

Phellinus robustus GU136220

Phellinus noxius LN558877

Thielaviopsis basicola KJ715965

Colletotrichum capsici HM450126

Colletotrichum magnum KT949407

Colletotrichum gloeosporioides FN868840

2.5. Kretzschmaria zonata-Specific PCR Primers Amplification

All primer sets obtained were used for Kretzschmaria zonata-specific amplification of
samples in vivo. The samples used for these tests were DNA from all nineteen K. zonata
isolates selected and other DNA samples from infected teak tissue taken from the field.
Additionally, DNA from other fungal species such as Fusarium equiseti, Fusarium solani,
Phellinus sp., Colletotrichum gloeosporiodies and Lasiodiplodia theobromae and the Oomycete
Phytophthora sp. were tested with these primer sets. All these strains are part of the GeMBio
laboratory collection, and they were previously identified and molecularly characterized.
Further, it the strain Kretzschmaria deusta ATCC ® 38992 was included in these tests as a
certificated control. PCR reactions were performed in reaction volumes of 25 µL containing:
40 ng of genomic DNA, 1X PCR buffer (10X: 200 mM Tris–HCl, 500 mM KCl, pH 8.4;
Invitrogen, Carslbad, CA, USA), 0.20 mM each of dNTP (Invitrogen, Carlsbad, CA, USA)
and 2.5 mM MgCl2 (Invitrogen, Carslbad, CA, USA), 0.2 µM of each primer, and 1.0 U
Platinum Taq DNA polymerase (Invitrogen, Carlsbad, CA, USA). DNA amplification was
performed in a Thermal cycler 2720 (Applied Biosystems, Foster City, California, USA)
and consisted of an initial denaturing step at 94 ◦C for 4 min, followed by 35 cycles of
1 min at 94 ◦C, 30 s at 59 ◦C, and 1 min at 72 ◦C, and a final extension step of 7 min at
72 ◦C. PCR products were visualized by electrophoresis in 1.5% (w/v) agarose gel run
in 1X Tris–Borate-EDTA [TBE] buffer and stained with ethidium bromide. All amplicons
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obtained were purified and sequenced by Macrogen Inc. Korea. The sequences obtained
were aligned and edited with the BioEdit Sequence Alignment program [29]. Sequences
were then compared with those available of K. zonata in the GenBank database in order to
corroborate the specificity of primer sets.

2.6. The Sensitivity of Kretzschmaria zonata-Specific PCR Primers

The sensitivity of PCR primers to detect K. zonata was tested using DNA templates from
two K. zonata isolates (the krt-1 and krt-2 strains), at decimally diluted concentrations—20,
10, 0.1, 0.001, 1 × 10−5, 1 × 10−7 and 1 × 10−8 ng/µL. PCR reactions were performed as
previously described with all primer sets of K. zonata-specific primers obtained.

2.7. Kretzschmaria zonata Detection on Symptomless Plants

Once the primer sets for the detection of K. zonata were selected, two experiments
were carried out to determine the usefulness of these primers in the detection of the fungus
in asymptomatic plants.

In the first test, three areas (A, B, and C) were delimited in the orchard property
of Bienes Ecoforestales S. P. R. de R. L. company, located at the municipality of Tizimin,
Yucatán state. Each area had been planted at a density of 800 trees per ha. For this study, a
square of 10 rows with 10 teak trees in each was delimited, so that, in the center of each
area, there was a plant with advanced symptoms of root and neck rot. In areas A, B and
C, the trees were four, six and eight years old, respectively. All the trees in each area were
sampled, taking tissue from the base of the stem, drilling it with a Pressler drill (Haglöf,
Sweden) of 200 mm L × 5.15 mm D; and with the purpose of traversing the stem to obtain
the sample, both from the periphery and from the vascular tissue (Figure 2a,b). The hole
made in each stem was immediately sealed with Bordocop 12.5 WP (42.4% cuprocalcium
sulfate) (Adama, Mexico). The samples were placed in 15 mL Falcon tubes, labeled and
taken to the laboratory.
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Figure 2. (a) Sampling tissue, in the field, from the base of the teak stem; (b) teak sample obtained
both from the periphery and the vascular tissue; (c) three-month-old teak plants in greenhouse; (d)
segment of teak tissue infected with krt-2 strain; (e,f) placement of the infected tissue segment in
close contact with the base of the plant stem to be inoculated.
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The second trial consisted of germinating and growing teak plants under controlled
conditions in a greenhouse located at the municipality of Conkal, Yucatán state. Sixty
healthy three-month-old plants which had very similar phenotypes in terms of height
and stem thickness were selected, and fifty of these plants were inoculated with K. zonata
using segments of teak tissue (8 cm L × 2.5 cm W × 0.5 cm H) previously infected in
the laboratory with the krt-2 strain. These inoculated tissue segments were placed in
close contact with the base of the stem of the plants to be inoculated (Figure 2c–f), and
the remaining ten plants were left as a negative control. Every 30 days post-inoculation,
samples were taken from the base of the stem of five different plants and from one control
until the plants were nine months old, cutting with a scalpel a small segment of tissue
(approximately 2.5 cm) from the area of the base of the stem. The samples were taken to
the laboratory for diagnosis.

Total genomic DNA from all samples was extracted according to the Tapia–Tusell
protocol [26]. PCR amplification to detect the possible presence of K. zonata was performed
using the primer set KZ-AQ-3F/KZ-AQ-3R. PCR reactions were performed as previously
described for this primer set, and amplified products were visualized by electrophoresis
in 1.5% (w/v) agarose gel run in 1X Tris–Borate-EDTA [TBE] buffer and stained with
ethidium bromide.

3. Results
3.1. Fungal Isolates

Eighty-three fungal isolates were obtained from a total of 128 samples collected at
different localities of Mexico from teak plants that presented characteristic symptoms of
root and neck rot. Of these, the nineteen most representative isolates, in terms of their
morphological characteristics, were selected for this study. Their colonies showed white to
dark gray mycelium that was black on the back of the Petri dish, with entire margins, and
reached a diameter of 90 mm at 30 days of culture. Microscopic examination showed coni-
dia aseptate, hyaline, ovoid to fusiform-ellipsoid in shape, measuring 5.5–8 µm × 2–3.5 µm;
stromata of surface brown to dark brown, separated or fused, attached to substrate; perithe-
cia mainly globose to obovoid, hyaline ascae (300× 10 µm), with eight dark brown aseptate
ascospores, slightly sharp (25–31 µm × 8.5–10.5 µm ends), and with a straight germinal
line slightly less than ascospore length. All of the above observations were according
to what was described for this species [23,24,31]; and as these nineteen isolates were a
representative collection of all the sampled localities, they were selected to carry out the
entire study (Table 2).

Table 2. Strain name, NCBI accession number and locality of origin of Kretzschmaria zonata isolates
used in this study.

Sample Number K. zonata Strain Name NCBI Accession Number Origin

1 krt-1 MW015147.1 Tizimin, Yucatán state

2 krt-2 MW015744.1 Tizimin, Yucatán state

3 krt-3 MW018822.1 Tizimin, Yucatán state

4 krt-4 MW015747.1 Tizimin, Yucatán state

5 krt-7 MW015748.1 Tizimin, Yucatán state

6 krt-8 MW015749.1 Tizimin, Yucatán state

7 krt-9 MW018821.1 Tizimin, Yucatán state

8 krt-10 MW015755.1 Candelaria, Campeche state

9 krt-11 MW018823.1 Huimanguillo, Tabasco state

10 krt-12 MW018820.1 Hopelchen, Campeche state

11 krt-13 MW018819.1 Huimanguillo, Tabasco state

12 krt-14 MW015756.1 Palenque, Chiapas state
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Table 2. Cont.

Sample Number K. zonata Strain Name NCBI Accession Number Origin

13 krt-15 MW015758.1 Hopelchen, Campeche state

14 krt-16 MW015759.1 Palenque, Chiapas state

15 krt-17 MW015760.1 Huimanguillo, Tabasco state

16 krt-18 MW018825.1 Huimanguillo, Tabasco state

17 krt-19 MW015761.1 Hopelchen, Campeche state

18 krt-20 MW018824.1 Candelaria, Campeche state

19 krt-22 KY660541.1 Candelaria, Campeche state

3.2. Sequence Variation in ITS Region and Kretzschmaria zonata-Specific PCR Primer Design

The primers ITS1 and ITS4 were used to amplify the 5.8-ITS region of the rDNA gene.
The size of PCR products for all putative K. zonata isolates was 615 bp.

The identity of the isolates obtained was confirmed as K. zonata and it was shown
that they were a different species of the genus Kretzschmaria, through the phylogenetic tree
obtained with the isolates of this study and several sequences of the ITS region of the other
species of this genus, registered in the NCBI database (K. deusta, K. guyanensis, K. micropus,
K. lucidula and K. clavus) as well as other fungal species (Figure 3).
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Figure 3. Neighbor-joining tree derived from 5.8-ITS of rDNA, showing the phylogenetic position of
all K. zonata strains from this work. GenBank accession numbers are before the name of each strain.
Bootstrap values were determined from 1000 iterations. Fusarium solani isolate JG2 was used as an
out-group to root the tree.

The alignment of the ITS sequences obtained in this study with other K. zonata acces-
sions, subsequently registered in the NCBI database [24], enabled finding the consensus
sequence and then designing five primer sets (Table 3) to amplify a sequence within the
ITS1/ITS2 region of K. zonata (Figure 4). Comparisons in silico between the five primer
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sequences with DNA database sequences (NCBI) showed 100% identity with the sequences
of K. zonata.

Table 3. Specific PCR primer sets for Kretzschmaria zonata detection.

ID Primer Sequence Amplicon Size (bp 1)

KZ-AQ-1 F: 5′GGCTCATCTATAGGCGAGATAGAATC 3′ 525
R: 5′CCTGCGGAGGGATCATTAAAGA 3′

KZ-AQ-2 F: 5′CGTAGGACCCTATCCTGTGTAA 3′ 342
R: 5′GCTGTAGGCTCTCAACACTAAG 3′

KZ-AQ-3 F: 5′GCAGCGAAATGCGATAAGTAATG 3′ 241
R: 5′CGGCTCATCTATAGGCGAGATA 3′

KZ-AQ-4 F: 5′GCTGTAGGCTCTCAACACTAAG 3′ 342
R: 5′CGTAGGACCCTATCCTGTGTAA 3′

KZ-AQ-5 F: 5′AAACCGACTCCGCCACTATT 3′ 426
R: 5′TTACCTTCTGTTGCCTCGGC 3′

1 bp: base pairs.
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Figure 4. DNA in silico sequence comparison of the internal transcribed spacer (ITS) region between
K. zonata from Mexico (MW015147.1, strain krt-1, and MW015744.1, strain krt-2) and from Brazil
(MH481853.1, strain GFP131, and MH481854.1, strain GFP132) and K. deusta (EU162067.1, strain
910506.1). The location of the K. zonata species-specific primer set (KZ-AQ-3F and KZ-AQ-3R)
sequences are delimited in boxes. In the nucleotide sequence by convention, the colors of the
nucleotides are: green for adenine, red for thymine, blue for cytosine, and black for guanine.

3.3. Specificity and Sensitivity of the K. zonata Primer Sets

The specificity of five primer sets was demonstrated in vivo when only the nineteen
K. zonata isolates and DNA obtained from infected tissue samples, taken in the field from
teak lesions of this fungus, showed a positive band with the expected base pairs for each
primer set, while the remaining isolates of other species (Fusarium equiseti, Fusarium solani,
Phellinus sp., Colletotrichum gloeosporioides, Lasiodiplodia theobromae and Kretzschmaria deusta)
had no PCR products with these primers (Figure 5).
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lane 3: krt-9 isolate; lane 4: infected teak tissue take from the field; lane 5: infected teak tissue take
from the field; lane 6: infected teak tissue take from the field; lane 7: K. zonata krt-1 strain, positive
control; lane 8: Fusarium solani; lane 9: Phytophthora sp.; lane 10: Fusarium equiseti; lane 11: Phellinus sp.;
lane 12: Colletotrichum gloeosporioides; lane 13: Lasiodiplodia theobromae; lane NTC: non-template control.
(b) The 1 Kb lanes are for the DNA marker (1 Kb DNA ladder); positive bands at 241 bp; lane 1: krt-3
isolate; lane 2: krt-8 isolate; lane 3: krt-9 isolate; lane 4: infected teak tissue take from the field; lane 5:
Kretzschmaria deusta ATCC ® 38992; lane 6: Fusarium equiseti; lane 7: Lasiodiplodia theobromae; lane 8:
K. zonata krt-1 strain, positive control; lane 9: Phellinus sp.; lane NTC: non-template control.

The sensitivity of four of the primer sets was 0.001 ng/µL of genomic DNA in a 25 µL
PCR reaction; meanwhile, the primer set KZ-AQ-3F/KZ-AQ-3R had a higher sensitivity of
1 × 10−5 ng/µL in a 25 µL PCR reaction (Figure 6).
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3.4. Kretzschmaria zonata Detection on Symptomless Plants 

Figure 6. PCR sensitivity assay using the primer set KZ-AQ-3F/KZ-AQ-3R. The 1 Kb lanes are for
the DNA marker (1 Kb DNA ladder); positive bands at 241 bp, lanes 1–7: amplified products using
genomic DNA of the krt-1 strain at a concentration of: 20, 10, 0.1, 0.001, 1 × 10−5, 1 × 10−7 and
1 × 10−8 ng/µL, respectively; lane NTC: non-template control.

3.4. Kretzschmaria zonata Detection on Symptomless Plants

The results of the molecular diagnosis of K. zonata, obtained from the DNA ampli-
fications of the samples taken in the field areas A, B and C, showed that 19, 21 and 17%,
respectively, of the asymptomatic trees were infected. In each area, the highest percentage
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of infected trees (ranging from 65 to 82%) was found in the five rows closest to the infected
tree, located in the center of study area (Figure 7a).
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Figure 7. Kretzschmaria zonata detection using the primer set KZ-AQ-3F/KZ-AQ-3R. (a) DNA amplifi-
cation products from asymptomatic teak tree samples from field area A; the 1 Kb lanes are for the
DNA marker (1 Kb DNA ladder); positive bands at 241 bp; lanes 1–12: samples from symptomless
tress; lane 13: K. zonata krt-1 strain, positive control; lane 14: Kretzschmaria deusta ATCC ® 38992; NTC:
non-template control. (b) DNA amplification products from inoculated teak plants at six months
old (three months post-inoculation); the 1 Kb lanes are for the DNA marker (1 Kb DNA ladder);
positive bands at 241 bp; lane 1: K. zonata krt-1 strain, positive control; lanes 2–8: samples from
inoculated plants; lane 9: DNA from healthy teak plant tissue; lane 10: Kretzschmaria deusta ATCC ®

38992. (c) DNA amplification products from inoculated teak plants at eight months old (five months
post-inoculation); the 1 Kb lanes are for the DNA marker (1 Kb DNA ladder); positive bands at 241 bp;
lane 1: K. zonata krt-1 strain, positive control; lanes 2–8: samples from inoculated plants; lane 9: DNA
from healthy teak plant tissue; lane 10: Kretzschmaria deusta ATCC ® 38992.

Inoculation test of K. zonata in young teak plants showed that the inoculated plants
remained asymptomatic for almost the entire duration of the test (six months). K. zonata
began to be detected molecularly in the samples after the plants were six months old (three
months post-inoculation) (Figure 7b); and at nine months old, all were positive for this
pathogen. Some symptoms of the disease, such as wilting and reduced growth, began to be
observed in the plants from 8 months of age (five months post-inoculation) (Figure 7c).

4. Discussion

The objective of this work was to design, at least, a set of species-specific primers
of Kretzschmaria zonata that have the highest possible sensitivity and are specific in their
detection of this pathogen, in order to use them for an early, fast and accurate diagnosis of
root and neck rot of teak.
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In the case of forest species, such as teak, the different types of control of pests and
diseases have various drawbacks for their implementation; for example, for genetic control,
there are not always resistant individuals against pathogens of economic importance; in
cultural control, crop rotation is not applicable to perennial species; in biological and
chemical control, most studies focused on the seedling and nursery phases [32].

Currently, adequate control of the root and neck rot of teak cannot be carried out
(in the initial stages), since there is no way to detect this disease, except by observing
classic symptoms, and this occurs only at a very advanced stage, when the tree is many
meters tall, so the only control option is to cut down and burn the affected tree [23]. In
the absence of disease symptoms and signs, the early stages of infection are difficult to
diagnose in plantations. In addition, most of the trees were healthy and infected, but
symptomless, with a uniform canopy size; thus in the early stages of infection, they are
mostly indistinguishable one from another [12].

There is no early detection test for K. zonata. For this reason, it was imperative to
develop a PCR test for the detection of this fungus.

These primer sets were developed based on ITS regions and the 5.8S rDNA gene.
The complex ITS regions (non-coding and variable) and the 5.8S rRNA gene (coding and
conserved) are useful for measuring close genealogical relationships [33]. In the case of
K. zonata in the NCBI database, all the sequences registered (except one, from the alpha-
actin gene region) correspond to the ITS region, so our study had to be based on this region
to develop the primer sets.

Five primer sets were designed, and the specificity of this set was demonstrated when
only DNA from samples of K. zonata were amplified in the PCR reactions. Samples from
K. deusta (species from the same genera) and other fungal species, pathogens of teak, that
are relatively close taxonomically to K. zonata are not amplified with any of these primer
sets developed in this study.

Although we proved the specificity of the five sets of primers designed for K. zonata,
the degree of sensitivity is very important, given that the higher the sensitivity of the
primers, the lower the amount of the fungus needed for detection in the tissue, which
allows better detection in the early stages of the infection. For this reason, the best primer
set was KZ-AQ-3F/KZ-AQ-3R, because of its higher sensitivity at 1 × 10−5 ng/µL of
K. zonata DNA in the PCR reaction.

To our knowledge, there are no previous reports of K. zonata-specific primers; therefore,
the development of this primer set is very important, not only for early diagnosis and
control of this disease, but also for further research in this field—for example, for resistant
germplasm selection in forest genetic improvement programs.

The results of the detection of K. zonata carried out in asymptomatic plants in the field
(areas A, B and C) showed that it is enough for there to be an infected tree in the plot for
the fungus to spread between 17 to 21% to the surrounding trees. This may seem a lower
percentage of incidence, possibly in another crop, but in the case of teak, which is a forest
species, it is very significant and worrying, because each the infected tree, in turn, will be a
focus of infection, and the disease will continue to spread silently, since the plants could
remain asymptomatic for a long time (up to two years). When a diseased tree is removed
from plantations, it is a common practice that producers carry out constant monitoring
of the surrounding trees to eradicate those that present visible symptoms of the disease.
The implementation of this management strategy implies extra investment in labor and
resources, which increases production costs, although the cost–benefit ratio undoubtedly
leans towards this monitoring, since in the short term, it contributes to the preservation
of plantation health and avoids potentially greater losses [23,34]. If, as we propose with
these specific primers, this monitoring is reduced to a simple molecular diagnosis, the
savings in detection time and any other investment for would be considerable. It is also
important to consider the costs of ultimately having to eliminate so many diseased trees
if the pathogen is not detected in time and control measures are not taken. This is what
happened in Malaysia, in teak plantations affected by Phellinus noxius, where the severity
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of the disease, although low, had the potential to destroy entire plantations if measures had
not been taken to control or manage the outbreak [12].

Regarding the inoculation test of K. zonata in young teak plants in the nursery, the
results showed that plants can be infected without symptoms for several months, which is
certainly a problem if diseased asymptomatic plants are used to establish a plantation. A
timely diagnosis would allow detecting infected plants and avoid an investment loss of
70% faced by a teak plantation in the first five years [23,34]. This reinforces the importance
of the molecular diagnosis that we develop. As already stated, the success of plantations in
any afforestation program is dependent on the quality of seedlings; for this reason, much
consideration should be given to the prevention and control of seedling diseases at the
nursery stages [21,34].

5. Conclusions

From the five primer sets developed to specifically amplify Kretzschmaria zonata, the
primer set KZ-AQ-3F/KZ-AQ-3R is the best, because of its higher sensitivity (1 × 10−5 ng/µL),
and so the it is recommended by authors of this study for the diagnosis of the root and neck
rot of teak, and for any other purpose that implies the identification of this fungus species.

Tests carried out on asymptomatic teak and artificially inoculated plants with this
fungus demonstrated the usefulness of these primers for the accurate detection of K. zonata
and taking early control measures both in the nursery and in plantations.
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