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Abstract

The development of tolerant varieties can help to confront and reduce the impacts of diseases that
threaten the cultivation of Mexican lemon [Citrus aurantifolia (Christm) Swingle]. Hybrid
interspecific and intergeneric plants have been generated in search of genotypes with resistance or
greater tolerance to VTC, HLB and anthracnose. Because most citrus fruits are apomictic and
polyembryonic the identification of hybrid plants is required by techniques such as molecular
genetic markers. The objective of the study was to identify Mexican lemon hybrids using molecular
markers called microsatellites (SSR). A population of 203 individuals of crosses carried out from
2009 to 2012 was used in the INIFAP-Tecoman Experimental Field. The genomic DNA was made
according to the CTAB 2% method. The PCR reaction was done with a volume of 20ul containing
10 pl of iTag™ Universal Probes supermix and 2.5 pl of each Forward and Reverse primer. The
primers used were TAA41, TAA45, cAGG9 and TAA52. The amplified products were analyzed
in 8% polyacrylamide gel and stained with 0.2% silver nitrate. The identification of hybrid plants
was carried out by comparing the bands produced by the hybrids with those of the parents. The
four initiators allowed the identification of hybrid plants. The highest number of identified plants
was obtained with primers TAA45 and cAGG9 with 145 and 130 respectively. The identification
of the hybrids of the population under study through the analysis of molecular markers, will allow
genetic improvement programs to be efficient, which implies obtaining a large number of seedlings
derived from the crosses made.
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Introduction

In recent years, the cultivation of Mexican lemons has been seriously threatened by the arrival of
diseases that threaten their permanence as the most important agricultural activity for the state of
Colima and of great relevance for the states of Michoacén, Guerrero and Oaxaca. The fungus-type
diseases such as anthracnose (Colletotrichum acutatum) stand out, occur during the rainy season
and affect the fruit's yield and quality in the autumn-winter months. Citrus tristeza virus (VTC),
viral disease of major economic importance affecting the cultivation of citrus fruits worldwide and
huanglongbing (HLB) currently considered the most devastating being more dangerous than the
VTC.

The development of tolerant varieties can help to confront and reduce the impacts of these diseases.
The Mexican lemon breeding program of the INIFAP-Tecoman has generated interspecific and
intergeneric hybrid plants, in the search for genotypes with resistance or greater tolerance to these
diseases and in this way to preserve the Mexican lemon crop in the country.

The programs of genetic improvement of citrus fruits in several parts of the world, are focused
mainly to the generation of varieties of fruit without seed, production of genotypes for use as
rootstocks that integrate besides good compatibility with the varieties, tolerance to pathogens and
adaptation to soils with salinity and calcium carbonates (Tusa et al., 1996; Grosser et al., 2000;
Ollitrault et al., 2000; Cristofani et al., 2002; Navarro et al., 2002; Grosser and Gmitter, 2005; Shi-
Ping et al., 2009).

Some reports indicate that it is possible to obtain triploid segregates (3x) by crossing diploid citrus
genotypes (2x) with tetraploid genotypes (4x) (Cameron and Burnett, 1978; Cameron and Soost
1969; Esen and Soost, 1972; Oiyama, 1991; Starrantino and Recupero, 1982). The most recent
evidence of triploid citrus varieties that were obtained by interploid sexual hybridization are the
varieties of grapefruit (C. maxima (Burm) Merrill), Oro Blanco and Melogold that were developed
in California (Soost and Cameron 1980, 1985). Like most citrus fruits, the Mexican lemon is
diploid (2x). By crossing this species through sexual hybridization with tetraploid genotypes (2n=
4x) that contain characteristics of tolerance to the aforementioned health problems, it is possible to
generate triploid varieties without seeds that tolerate these problems.

The conventional improvement of citrus has important limitations due to the complex reproductive
biology of these species. Most genotypes are apomictic and develop adventitious embryos directly
from the nucellular cells that limit or exclude the development of zygotic embryos (Kobayashi et
al., 1979; Soost and Roose, 1996; Ruiz et al., 2000; Yildis et al., 2013). They contain the same
genetic material as the mother plant, and can cause most polyembryonic cultivars to produce few
hybrid plants. On the other hand, it is difficult to distinguish nucellar and zygotic plants at an early
stage of development (De Lange and Vincent, 1977). So the identification of sexual embryos is
important and require analysis such as cytology, flow cytometry, isoenzyme, or molecular analysis
(Tusa et al., 2002).

According to Yildiz et al. (2013) many studies aimed at the separation of different types and

varieties of citrus and the identification of nucellar and zygotic plants, began using morphological
characterization (Furr and Reece, 1946; Cameron, 1979), spectrophotometry (Pieringer and
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Edwards, 1967) and chromatographic techniques (Albach and Redman, 1969; Stanley and Jurd,
1971; Tatum et al., 1974; Weinbaum et al., 1982). Several biochemical methods were also used,
including enzymatic darkening (Esen and Soost, 1974).

None of these methods efficiently confirmed the identity of the true nucellar seedlings (Ruiz et al.,
2000; Tusa et al., 2002). Later, isoenzymes were used (lglesias et al., 1974; Moore and Castle,
1988; Ashari et al., 1988; Anderson et al., 1991). However, since the products of gene expression
were used in these cases, the results could be influenced by the environment or by the stage of
development of the plant and its organs, so this method was unreliable for the identification of
zygotic seedlings.

The use of DNA polymorphisms for the identification of hybrid plants is important in citrus and
other woody breeding programs, as this accelerates the progeny detection process. A series of
recent studies have described the use of SSR markers as an alternative method to distinguish
nucellar sexual seedlings in citrus fruits (Mullis et al., 1986; Ruiz et al., 2000; Oliveira et al., 2002;
Rao et al., 2008; Shareefa et al., 2009; Yildis, et al., 2013).

This study describes the identification of Mexican lemon hybrids based on the molecular analysis
of SSR markers.

Materials and methods
Biological material
For the study was used, a population of 203 plants originating from 13 Mexican lemon crosses with
Italian lemons, citranges and somatic hybrids between citranges and sweet orange (Table 1), carried

out from 2009 to 2012 in the Tecoman Experimental Field of INIFAP.

Table 1. List of hybrid Mexican lemon progenies used in the study.

Crossing number Crosses Number of samples Year of cross
1 Rosenberg (2x) X Colimex (2x) 20 2009
2 Colimex (2x) X Rosenberg (2x) 14 2009
3 Mex13 (4x) X Limoneira 8a (2x) 12 2010
4 Mex13 (4x) X Rosenberg (2x) 19 2010
5 Mex13 (4x) X Eureka (2x) 10 2010
6 Rosenberg (2x) X Mex20 (4x) 8 2010
7 Rosenberg (2x) X Mex13 (4x) 7 2010
8 Mex13 (4x) X C-35 (2x) 50 2011
9 Colimex (2x) X HS11 (4x) 21 2011
10 Colimex (2x) X Limequat (2x) 6 2012
11 Colimex (2x) X C-32 (2x) 17 2012
12 Colimex (2x) X C-swingle (2x) 8 2012
13 Colimex (2x) X Yuma (2x) 11 2012
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Extraction of genomic DNA

The total DNA was extracted from young leaves according to the method of Doyle and Doyle,
1987, with modifications Hernandez-Nava (2013). In an eppendorf tube, 0.1 g of plant tissue was
deposited together with 600 pl of saline buffer and crushed in a Retsch® MM400 disruptor at 25
frequencies (f/s) for three min. Subsequently, 2% CTAB extraction (1.4 M NaCl, 100 mM Tris, 20
mM EDTA, pH 8) and 3 ul of B-Mercaptoethanol at 100% were resuspended in extraction buffer.
The contents of the vortex tube were mixed for 10 seconds and incubated at 55 °C for 30 min.

Next, 400 ul of phenol: chloroform: alcoholisoamyl was added in a ratio of 25:24:1 respectively,
mixing the sample in vortex for 10 seconds. The sample was centrifuged for 10 min at 14 000 rpm
at 4 °C and 500 pl of the aqueous phase was collected preventing the phases from mixing.
Subsequently, 50 ul of ammonium acetate and 500 pl of isopropanol were added and the sample
was incubated for 10 min at -20 °C. It was then centrifuged for 10 min at 14 000 rpm at 4 °C and
the supernatant was decanted without losing the tablet that formed. 1 ml of 70% ethanol was added
and centrifuged for 1 min at 14 000 rpm at 4 °C. After the time elapsed, the sample was dried at
room temperature until the ethanol evaporated. Finally, the tablet was resuspended in 50 pl of
RNase-free water and the sample was stored at -20 °C. The quality and purity of DNA obtained
was quantified in Nanodrop 2000.

Amplification by PCR

The PCR amplification of specific segments of DNA by oligo sets reported by Kijas et al. (1997)
(Table 2), was performed in a total volume of 20 ul using 10 ul of iTaq™ Universal Probes
supermix (dNTPs, iTag DNA polymerase, MgCI2, enhancers, stabilizers, dyes and ROX
normalization) and 2.5 pl of each primer Forward and Reverse. The amplification program
consisted of a cycle at 94 °C for 5 min, followed by 32 cycles of 94 °C for 1 min, 55 °C for 30 s
and 72 °C for 1 min. A final extension of 4 min at 72 °C. The hybridization temperature was reduced
to 45 °C for 30 s to promote primer amplification TAAS52.

Table 2. Microsatellite initiators used in the detection of lemon hybrids.

Name Sequence 5°-3° Sequence 3°-5°

TAA41 AGGTCTACATTGGCATTGTC ACATGCAGTGCTATAATGAATG
TAA45 GCACCTTTTATACCTGACTCGG  TTCAGCATTTGAGTTGGTTACG
TAAS2 GATCTTGACTGAACTTAAAG ATGTATTGTGTTGATAACG
cAGG9 AATGCTGAAGATAATCCGCG TGCCTTGCTCTCCACTCC

The amplification of the DNA fragments was carried out in a Bio-Rad T100™ Thermal Cycler.
thermalcycler. The PCR amplification products were analyzed in 8% acrylamide gel and developed
with 0.2% silver nitrate. A 1kb molecular weight marker (invitrogen) was used. The running
conditions of the samples were 190 V and 200 mA for 90 min.

Analysis of data

The dendograms were made from the identification of presence (1) or absence (0) of bands using
the four primers, through the unweighted paired grouping method with arithmetic means
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(UPGMA) and squared Euclidean distance. The analyzes were carried out with the use of the
statistical package Numerical Taxonomy and Multivariate Analysis System (NTSYS-pc 2.21)
(Ronhlf, 2000).

Results and discussion

The hybrid plants were determined by the presence of male parent bands amplified by PCR using
four primers. In Figure 1a and 1b, some of the hybrids identified with the primers cAGG9 and
TAA4S5 are shown in one of the crosses evaluated, (Mex13 (4x) x Rosenberg (2x)). From 203 plants
obtained from the different crosses, the best initiator was able to identify 145 (71%) zygotic plants.
The results obtained are similar to those obtained by some authors. Frost and Soost (1967) reported
zygotic frequencies of 78.7% and 14% in King and Willowleaf tangerines respectively, using P.
trifoliata as male progenitor.

M Mex13 Rosenberg 40 41 42 43 44 46 a7 48 49 50 51 52

M Mex13 Rosenberg 1 2 3 4 5 6 7

Figure 1. Polyacrylamide gel showing the SSR analysis of progeny obtained from Mexican lemon
crosses. (a) Initiator cAGG9, (b) initiator TAA45 marker 1kb (M), female parent Mex13,
male Rosenberg.

Other authors such as Hearn (1973) found that the ‘Mediterranean’ sweet orange selection
produced 62% of zygotic seedlings when P. trifoliata was used as a male parent. In other reports
(Soost et al., 1980) they found a zygotic frequency of approximately 85% when they used as a
female parent the mandarin King and male to “Parson Special’. Several studies have shown that
the frequency of zygotic seedlings does not exceed 15%, but this will depend on the species and in
some cases only nucellar individuals are obtained (Cameron and Soost, 1980; Hirai et al., 1986;
Ashari et al., 1988; Roose and Traugh, 1988).
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Several levels of zygote seedlings have been observed in other citrus species and crosses. Some
other authors, among them. Hwang and Yeuh (1989) reported zygotic frequencies of 42.8% and
66.7% in tangerine crosses ‘Tankan’ x P. trifoliata. Hwang (1991) reported that in seedlings
identified by leaf morphology, he obtained 73% zygotic lemon seedlings ‘Eureka’ in crosses with
trifoliate orange and 38% to 56% in “Eureka’ and “Lisbon’ lemon cultivars in crosses with sweet
orange. In other works, such as that of Moore and Castillo (1988), only 24% of zygotic
“Volkameriana’ lemon seedlings were identified; these results were based on isoenzyme-based
markers.

With the use of SSR markers, Ruiz et al. (2000), classified 86.95% of hybrid seedlings of crosses
between ‘Flying Dragon’ and tangor ‘Ortanique’. However, Yildiz et al. (2013), identified 86
seedlings (36. 91%) nucelar and 63% zygotic in crosses with mandarin ‘Fremont’ as female parent
and the Rio Red variety as male parent. These same authors point out that when they used the
mandarin ‘Robinson’ as the female parent, this proportion was 31.09% nucellar and 69% zygotic
seedlings.

Data that differ from those obtained in this study were reported by Yun et al. (2007), who obtained
0% to 13.4% hybrid seedlings in crosses where the mandarins Miyagawa Wase, Okitsu Wase and
Shiranuhi were used as female parents and Ponkan mandarin and Swingle citrumelo as male
parents. Other authors such as Rao et al. (2008) crossed different tangerine and grapefruit cultivars
to obtain alternative rootstocks to sour orange and with SSR markers they identified 22.2% of
hybrid seedlings of these crosses.

According to Garcia et al. (1999) zygotic embryos produced by self-pollination are less vigorous
and may not be competitive with the nucellar. The percentages of zygotic progeny found in several
citrus hybrids depend on the seed of the parent used (Spiegel-Roy et al., 1977), the origin of the
pollen (Cameron and Soost, 1980; Soares-Filho et al., 1995) and environmental influences (Khan
and Roose, 1988; Moore and Castle, 1988; Roose and Traugh, 1988).

The diploid, triploid and tetraploid plants of each combination were evaluated using SSR primers.
The four managed to identify hybrid plants (Table 3). With the TAA45 primer it was possible to
identify the largest number of hybrids (145), this being the best of all, followed by cAGG9 and
TAA52 with 130 and 125 hybrids, respectively. In contrast to the results obtained in this study,
they were reported by Yildiz et al. (2013) in their investigations located in a study population that
the primers AG14 and TAAO03 were more effective to distinguish zygotic individuals and the
TAA45 primer was not able to identify the zygotic seedlings.

With respect to the TAA41 primer, it was this one that identified the least plants (114). Similar
results were found by Yildiz et al. (2013), reported that in combinations where they used the
Fremont tangerine as a female parent, the TAA41 initiator was able to identify only 47 zygotic
plants that the rest of the SSR primers used. These same authors report that, in combinations
where the ‘Robinson’ tangerine was used as the female parent, the AG14 and TAAO3 primers
identified 59 and 58 zygotic plants respectively, more than the TAA41 primer. In contrast, the
primers CATO1, TAAOL, TAA45 and TAA52 (when the mandarin “Fremont’ and “Robinson’
were used as female progenitors) were not useful in determining the identity of zygotic
plants.
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Table 3. Hybrid plants identified with four of the molecular markers reported by Kijas et al.

(1997).
Crosses Initiator Initiator Initiator Initiator
cAGG9 TAA41 TAA45 TAAS52
Colimex X Yuma 16 8 7 5
Colimex X C-swingle 2 9 2 2
Colimex X Hibrido somatico 11 25 20 20 14
Colimex X Limequat 5 0 2 2
Colimex X Rosenberg 7 8 11 12
Colimex X C-32 3 2 16 2
Mex13 X Eureka 4 5 7 9
Mex13 X Limoneira 8a 7 8 10 3
Mex13 X Rosenberg 12 15 13 17
Mex13 X C-35 39 32 48 53
Rosenberg X Colimex 7 6 3 2
Rosenberg X Mex13 1 1 0 1
Rosenberg X Mex20 2 0 6 3
Total de plantas hibridas 130 114 145 125

In populations that are derived from a cross, all individuals that are zygotic show a genotype
different from that of the mother in any locus of discrimination, this will occur as long as the father
has alleles different from those of the mother (Ruiz et al., 2000). The variation in the number of
bands amplified by different primers may be due to factors such as the structure of the primer, the
amount of template and the number of sites recognized in the genome (Muralidharan and
Wakeland, 1993).

Other authors, including Nageswara et al. (2008) identified 77.8% nucellar seedlings and 22.2%
zygotic seedlings, with EST-SSR markers, in introgression hybrids of mandarin (C. reticulata
Blanco) and grapefruit (C. maxima Merr.). Other authors such as Mei-lian et al. (2007) reported in
crosses of red tangerine (C. reticulata Blanco) X trifoliate orange (P. trifoliata (L.) 111 hybrid
individuals through embryo rescue and verified by SSR markers and 44 hybrid plants from
tangerine crosses Satsuma (C. unshiu Marc) X trifoliate orange (P. trifoliata L.).

In the same way Oliveira et al. (2002), report the identification of hybrids derived from crosses
between tangor ‘Murcott’ [C. reticulata Blanco x C. sinensis (L.) Osb.] and sweet orange ‘Pera’.
[C. sinensis (L.) Osb.], with analysis of SSR markers. Siragusa, et al., 2006, identified and
evaluated the genetic variability of sweet orange accessions with molecular markers SSR. Also
Alezaet al., 2012, identified hybrids that show the specific allele of the male parent with molecular
markers SSR in crosses 4x X 2x of several citrus fruits. Aleza et al. (2010) used SSR markers to
show that all plants recovered from undeveloped seeds obtained from 2x X 4x sexual hybridizations
were the result of the zygotic embryo.

In citrus fruits, SSR markers can easily distinguish between species or varieties that arise from
sexual hybridization (Barkley et al., 2006; Luro et al., 2008). On the contrary, the differentiation
of genotypes derived from spontaneous mutations is very difficult, as in the case of clementines
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(Breto et al., 2003) or sweet oranges (Fang and Roose, 1997). By using several heterozygous
markers differentiating male and female parents, one can also find a good chance of differentiating
between independent zygotic plants.

Fang and Roose (1997) mention that mutations in most cases can cause significant changes in tree
morphology, but with modifications that occur in the DNA sequence, they are difficult to detect.
Novelli et al. (2000, 2006) also reported that despite considerable morphological differences, there
are few RFLP, RAPD and SSR polymorphisms. On the basis of SSR markers, Cao et al. (2007)
could not detect differences between 16 Satsuma tangerines and therefore the possible origin of the
mutation of these variants.

Seedlings always have a higher similarity value with their female parents, thereby indicating the
decrease in genetic background, the increase in inbreeding may be the cause of low tree yield in
various environmental conditions (Fehr, 1993).

When carrying out the dendograms with the data of the four SSR markers of the individuals
obtained with the different crosses, it was possible to detect that the coefficient of similarity of the
Euclidean distance varied from 0 to 999.09 among the 203 individuals that were analyzed. This is
due to the great variability generated in these crosses, since the genomes of different species and
even of different genera were combined.

On the other hand, both the Mexican lemons and the Italian lemons are in heterozygous form and
therefore by segregating the alleles in the gametes and then by recombining in the crossing, they
are generating new genetic combinations. On the other hand, the citranges are formed by the
genome of C. sinesis and P. trifoliata, also in highly heterosigotic condition, which increases the
genetic diversity. This result coincides with that reported by Herrero et al. (1996) who point out
that limes and lemons show a high percentage of heterozygosity

Figure 2 shows one of the 18 dendograms constructed with the SSR profiles obtained in the cluster
analysis (UPGMA). The dendrogram of the Mex13 x Rosenberg crosses was separated into four
groups. The first was formed by the female parent Mex13. In the second are the individuals H40,
H43, H44, H48, H51, H41, H42, H55, H53, H54, H50, H52, H46, H47, H49 and the male parent
Rosenberg. The third group was formed by the individual H45. And in the last are the indices
H196, H209 and H198. In this cross it was observed that all the individuals analyzed were
identified as hybrids. The individuals H40, H43, H44, H48 and H51 are genetically similar to
Rosenberg, which indicates that the four initiators were able to identify regions similar to the male
parent.

The rest of the hybrids were identified by three of the primers used. In a study of citrus germplasm,
Shahsavar et al. (2007) reported that lemons (C. limon L. Burm F.), Lisbon, ‘Lemon Rock’ and
‘pear shape limon’ were separated from other genotypes when analyzing the polymorphism with
molecular markers ISSR with similarity value of 0.65. In this same work these authors report that
the populations of plants studied exhibit very similar morphological characteristics; however,
molecular phenotypes revealed substantial differences in similarity between hybrids and
progenitors.

18



Rev. Mex. Cienc. Agric. vol. 9 num. 1 January 01 - February 14, 2018

Mex13 X Rosenberg

Mexi3 < |
Rosenberg |

H43
Hdd
H48
H51
H41
Ha2
HES il 1
H53
H54
H50
H52
H486
|H4T
"Has
s o« 1l
|H198
|l W20 —
T T T T |H“m - lV
10.84 810 5.40 10 0.0
Coefficient

Figure 2. Dendogram generated with data from four SSR markers of individuals obtained from the
cross of ‘Mex13’ x ‘Rosenberg’ constructed with the UPGMA method.

The SSR are codominant and multialelic markers that usually show high levels of
polymorphism and that have a high degree of reliability and reproducibility (Morgante and
Olivieri, 1993). These markers are the most powerful to understand the detailed patterns of
Kinship composition and individual discrimination in clones, so they are widely used for the
identification of cultivars and genetic maps (Tautz, 1989, Nassar and Collevatti, 2005). When
a population is derived from a cross, all zygotic individuals show a genotype different from
that of the mother at any locus of discrimination, as long as the father has alleles different from
those of the mother (Ruiz et al., 2000). In the case of a cross between homozygous or closely
related parents, codominant markers can unequivocally discriminate the zygotic offspring of
nucelar (Nageswara et al., 2008).

Conclusions

Hybrid Mexican lemon plants were identified with Italian lemons and somatic hybrids between
citranges and sweet orange.

The four initiators allowed the identification of hybrid plants. The greatest number of hybrid plants
were identified with the primers TAA45 and cAGG9.

The identification of the hybrids of the population under study through the analysis of molecular
markers, will save time and reduce the costs of maintenance of field material in breeding programs
that involve obtaining a large number of seedlings derived from the crosses made.

The results of this study suggest that molecular marker analysis can contribute significantly to
citrus breeding programs.
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