Euphytica (2012) 185:491-510
DOI 10.1007/s10681-012-0661-9

Genetic diversity assessment and genotype identification
in sugarcane based on DNA markers and morphological
traits

arcia - C. Diaz Romero - J. Racedo - S. Ostengo -

M. F. Perera - M. E. Arias * D. Costilla - A. C. Luque -
M. B.
M. P. Filippone - M. 1. Cuenya - A. P. Castagnaro

Received: 28 June 2010/ Accepted: 8 March 2012 /Published online: 24 March 2012

© Springer Science+Business Media B.V. 2012

Abstract Sugarcane is known for its highly complex
genetics and more knowledge is needed for better use
and conservation of genetic materials. In order to
identify genotypes and to assess genetic diversity,
diverse data sets such as morphological and molecular
markers are used as a general approach. To evaluate the
usefulness of different markers, important sugarcane
genotypes in Argentina were characterized by AFLP,
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SSR and morphological traits. All genotypes charac-
terized were grouped in one main cluster in dendro-
grams using two independent softwares. Interestingly,
local genotypes grouped together with USA varieties
and no clear genetic differentiation could be found
probably due to intensive germplasm exchange
between these breeding programs. The molecular
markers tested were useful for genetic diversity
assessment as well as for genotype identification.
These markers should be included in the internation-
ally established characters for sugarcane variety pro-
tection as they give a better view on whole genome
complexity. Additionally, genetic similarities obtained
from molecular markers will provide more accurate
information to breeders than the pedigree method,
especially when considering the asymmetric genetic
inheritance of sugarcane. Morphological traits are
valuable tools to identify genotypes since they reflect
external resemblance more than genetic relatedness.
When they were combined with molecular markers the
dendogram obtained revealed genetic relationships
and the genetic diversity was better estimated. In
summary, both methods appear to be useful, comple-
menting each other and should be used together to
assist sugarcane breeders in estimating genetic diver-
sity, electing parents for crossings, identifying superior
lines and to protect intellectual property rights.

Keywords AFLP - Breeding program - Sugarcane

germplasm bank - Morphological descriptors -
Similarity coefficient - SSR
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Commercial sugarcane varieties all belong to Saccha-
rum, a complex genus characterised by a high degree
of polyploidy and frequent aneuploidy (Cordeiro et al.
2000; Da Silva and Bressiani 2005). These character-
istics and the cytogenetic complexity of sugarcane
cultivars, involving varying chromosome sets and
complex recombinational events, imposes difficulties
in accomplish effective breeding programs (Vettore
et al. 2001). The sugarcane breeding process starts
with cross hybridizations either between two (bi-
parental cross) or a few (polycross) elite clones
(Breaux and Legendre 1983; Heinz 1987). Clones
are classified as male or female parents based on the
relative amounts of viable pollen produced (McIntyre
and Jackson 2001).

In Argentina, the sugarcane industry started in the
late nineteenth century and the first sugarcane breed-
ing program was formally established 44 years ago by
the Estacion Experimental Agroindustrial Obispo
Colombres (EEAOC) in the Province of Tucuman. It
takes at least 11 years to complete a sugarcane
breeding cycle, starting with a crossing between two
elite clones (bi-parental), evaluating the progeny to
identify true hybrids, several stages of testing and
clonal selection and finally ending with a new variety
release. In order to broaden the genetic base of the
commercial varieties, parents more genetically diverse
should be identified and used in breeding programs
(Salem et al. 2008). Besides, exchange of elite clones
and breeding lines occur regularly between different
breeding programs. For these reasons and for protect-
ing new sugarcane varieties and intellectual property
rights, an accurate varietal identification is essential
(Wagih et al. 2004). In addition, the knowledge of the
genetic diversity in sugarcane will provide useful
information concerning the genotype value to breeders
and will contribute to the improved use and conser-
vation of genetic resources.

Molecular markers are powerful tools to estimate
genetic diversity and to better understand the complex
genetics of sugarcane as they are accurate, abundant
and not affected by the environment (D’Hont et al.
1997). In terms of monitoring genetic diversity and
identification of germplasm, simple sequence repeats
(SSR) markers are one of the best choices (Smith et al.
1994). Their use is preferred over other marker
techniques because of their abundance, sensitivity
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and high accuracy in detecting polymorphism even
between closely related genotypes (Powell et al.
1996). However, as sugarcane has a very large and
complex genome a vast marker number is necessary to
determine its diversity (Lima et al. 2002). In addition
to SSR markers, the use of AFLP (amplified fragment
length polymorphisms) marker reveals high polymor-
phic band numbers (Vos et al. 1995) and they have
successfully been used to determine the genetic
diversity in several other plant species (Hill et al.
1996; Maughan et al. 1996; Paul et al. 1997; Angiolillo
et al. 1999; Selvi et al. 2003).

Additionally to the recently DNA-based marker
data, morphological traits are of great help for genetic
resource evaluation (Demey et al. 2003) and the
availability of an internationally adopted descriptor set
would enable an international measurement of genetic
distance and cultivar label maintenance both within
and between research stations (Gallacher 1997). Thus,
morphological traits proposed by the International
Union for the Protection of New Varieties of Plants
(UPOV 2005) allow for variety characterization.
Although morphological characters sometimes do
not give clear answers due to ambiguous differences
or phenotypic modifications caused by environmental
factors (Garcia et al. 2002), the traits proposed by
UPOV are known to be very stable under environ-
mental conditions and would therefore be able to be
employed not only as an identification tool but also as
a source of information for genetic diversity.

Despite the economic importance of sugarcane
production in Argentina, to date, no major descriptive
study has been carried out to identify genotypes and to
estimate the genetic diversity of our breeding mate-
rials. It is the aim of this work to evaluate the
usefulness of different characters for genotype iden-
tification and genetic diversity assessment, by char-
acterizing 36 sugarcane genotypes most widely used
as parents in the breeding program conducted by
EEAOC, using two different molecular techniques,
two data analysis softwares and morphological traits
only in the eight most important cultivars.

Sugarcane genotype characterization by using dif-
ferent marker systems will allow us to identify
genotypes as well as to assess the sugarcane genetic
diversity better and this will provide important infor-
mation to assist breeders.
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Materials and methods
Sugarcane genotypes

Thirty-six sugarcane genotypes (Table 1) kept at
EEAOC and used as parents in its local breeding
program, were examined by DNA fingerprinting
studies. Out of the 36 genotypes, 17 are commercial
cultivars in Argentina or in the United States, while the
rest has not been commercially released. Two young
leaves from each genotype were collected and stored
at —70 °C until extraction of total plant DNA.

DNA extraction

Two-hundred mg of frozen tissue from each genotype
was placed in liquid nitrogen and ground in a mortar.
Total DNA was extracted by using the protocol
described by Aljanabi et al. (1999). DNA concentra-
tion and quality were determined by measuring the
ODy¢p in a spectrophotometer and by running the
samples in agarose gel -electrophoresis (0.7%),
respectively.

Molecular markers

Analysis of AFLPs were performed according to Vos
et al. (1995). Sixty-four primer combinations were
evaluated by using 10 genotypes randomly chosen.
Sixteen pairs were selected based on the presence of
scorable bands and/or on the high numbers of poly-
morphic bands (Table 2), and used for the genotype
characterization.

Fifteen SSR primers were used for genetic diversity
studies (Cordeiro et al. 2000) (D'Hont, unpublished).
The DNA amplification reaction mix contained: 1x
buffer, 100 uM dNTPs, 10 ng DNA; primers, MgCl,
and Taq DNA polymerase as shown in Table 3.
Cycling parameters were: 1 cycle at 94 °C (5 min);
30 cycles at 94 °C (45 s), appropriate annealing
temperature and time (Table 3) and 72 °C (1 min);
and 1 cycle at 72 °C (3 min).

All DNA amplifications were performed on a
Model PTC-100TM Programmable Thermal Control-
ler, Peltier-Effect Cycling (MJ Research, Inc.). AFLP
and SSR products were separated by electrophoresis
on 6% polyacrylamide denaturing gel and visualized
through silver staining (Caetano-Anollés and Gress-
hoff 1994).

Polymorphic locus proportion (PLP95), amplifica-
tion percentage (data percentage = 1), and polymor-
phism information content (PIC) (Botstein et al. 1980)
were calculated by using the Info-Gen software
(Balzarini and Di Rienzo, 2003). The former considers
a locus as polymorphic if it has population variations
and the most common allele frequency does not exceed
95%. Genetic diversity for SSR primers was estimated
by using calculations according to Anderson et al.
(1993), that has frequently been used to determine the
marker value in detecting polymorphism, i.e., PIC.

Morphological traits

Only a subgroup of eight genotypes were morpholog-
ically characterized (Table 4). These genotypes were
selected because three of them (LCP 85-384, RA 87-3
and TUCCP 77-42) are the most widely planted
varieties in the sugarcane growing area in Tucuman
(Argentina) (Cuenya et al. 2009); another three
varieties (TUC 89-28, TUC 95-37 and TUC 97-8)
were released in 2009; while the rest are advanced
breeding clones at the final testing stage before a
possible commercial release (TUC 97-7 and TUC
95-24; Cuenya, personal communication).

All plant materials were characterized using plant
cane (10-12 months of age). Six and twenty-four
plants from the same variety were evaluated for
qualitative and quantitative characters, respectively,
by using the test guidelines applied to all vegetative
propagated varieties of Saccharum L. proposed by
UPOV (2005) (Table 4).

Out of the characters proposed by UPOV, nine are
compulsory to identify sugarcane varieties. In order to
determine if the UPOV characters, are stable under
different environmental conditions, eight of the compul-
sory characters were evaluated during two years
(2010-2011) and three different growth locations (Cevil
Pozo, Las Talitas and Santa Ana) in Tucuman, Argentina.

Data analysis

No assumption on the genetic nature of the alleles was
made due to the polyploid nature of sugarcane and the
absence of a segregation analysis (Gillet 1991).
Hence, each molecular and morphological allele was
scored in a dominant manner and transformed into
either a 0 (absent) or 1 (present) matrix. Although
SSRs are classified as co-dominant type markers, they
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Table 1 Thirty-six sugarcane genotypes from EEAOC breeding program, their origin and parents

Genotypes Origin Varieties Parents

Female Male
HO 95-888 Houma (USA) Commercial CP 86-941 US 89-12
HOCP 85-845 Houma-Canal Point (USA) Commercial CP 72-370 CP 77-403
HOCP 91-552 LCP 81-10 CP 72-356
HOCP 91-555 CP 83-644 LCP 82-94
HOCP 92-618 CP 78-304 LCP 81-30
HOCP 92-624 Non commercial CP 81-325 CP 71-1038
HOCP 92-631 CP 81-325 CP 71-1038
HOCP 92-675 CP 83-644 CP 70-321
HOCP 93-746 LCP 81-10 CP 82-513
HOCP 94-806 CP 81-325 CP 71-1038
L 91-281 Louisiana (USA) Commercial CP 78-317 LCP 81-30
L 97-128 LCP 81-10 LCP 85-384
L 99-226 HOCP 89-846 LCP 81-30
L 99-233 CP 79-348 HOCP 91-552
L 00-266 Non commercial HOCP 89-846 L 93-386
L 89-113 CP 78-317 LCP 81-30
L 94-424 LCP 81-10 LCP 82-89
L 98-209 LCP 86-454 LCP 85-384
LCP 82-89 Louisiana-Canal Point (USA) Commercial CP 52-68 CP 72-370
LCP 85-384" CP 77-310 CP 77-407
LCP 86-454 CP 77-310 CP 69-380
LHO 83-153 Louisiana-Houma (USA) Commercial CP 77-405 CP 74-339
RA 87-3* Republica Argentina Commercial TUC 75-25 CP 57-614
TUC 89-28?* Tucuman (Argentina) Commercial TUCCP 77-42 TUCCP 77-42
TUC 95-37% CP 65-357 S 87-1756
TUC 97-8* TUC 87-21 TUCCP 77-42
TUCCP 77-42* CP 71-321 US 72-019
TUC 92-10 Non commercial TUC 83-1 TUC 77-37
TUC 94-61 TUC 77-52 TUCCP 77-42
TUC 95-24* CP 79-348 LCP 85-358
TUC 95-34 TUC 84-24 TUC 84-13
TUC 96-52 LCP 85-384 TUC 83-8
TUC 97-7* LCP 85-384 LCP 86-454
TUC 97-19 NA 63-90 TUCCP 77-42
TUC 97-21 TUC 87-21 TUCCP 77-42
TUC 97-30 TUC 87-21 TUCCP 77-42

* Eight sugarcane genotypes selected for morphological analysis

have been treated as dominant markers in this study.
This novel approach was necessary to analyse the
highly complex genome of Saccharum.

Genetic similarity was calculated by using Jaccard
(Sj) (Sneath and Sokal 1973) and Dice coefficients
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(Sp) (Dice 1945). §; = A/(A + B + C) and Sp = 2A/
(2A + B + C), where A is the number of bands
common to the first and second genotypes, B is the
number of bands unique to the first genotype, and
C the number of bands unique to the second genotype.
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Table 2 AFLP primer information of sugarcane

Primers Amplified Polymorphic PLP* pic? AMP*®

- Y fragments fragments

Msel EcoRI

CTT AGG 73 0.04 0.08 90.79
ACG 66 0.06 0.11 90.07

CAT ACT 55 18 0.20 0.12 81.57
AAC 47 3 0.04 0.19 94.74

CAC AGC 63 32 0.32 0.12 65.04
AAG 66 3 0.03 0.08 99.79
ACA 58 13 0.10 0.01 92.34

CAA ACC 55 0.09 0.28 93.38

CTC ACC 30 0.10 0.16 91.20
AAG 79 17 0.22 0.19 84.32

CTA AGC 59 13 0.14 0.13 84.23
ACG 77 18 0.21 0.23 84.13

CAG ACT 70 16 0.19 0.18 83.57
ACA 53 11 0.06 0.09 90.57
AAC 69 18 0.22 0.23 83.33

CTG AGG 75 7 0.07 0.20 92.30

2 ® Msel (GACTGCGTACCAATTC), EcoRI (GATGAGTCCTGAGTAA) sequence primer, respectively, plus 3 bases

¢ PLP: polymorphic locus proportion

4 PIC: polymorphism information content (Botstein et al. 1980)

¢ AMP: amplification percentage

Cluster analyses were carried out using McQuitty
similarity analysis (Unweighted Pair Group Method
with Arithmetic Mean, UPGMA) (Sneath and Sokal
1973). The FIND module was used to identify all trees
and they were compiled by the CONSEN module to
test the robustness of the tree topology. All bands,
monomorphic and polymorphic, were included in the
analysis. All calculations were carried out by using the
two software packages NTSys (Rohlf 1993) and
InfoStat (Di Rienzo et al. 2009) in order to compare
their robustness. The NTSys program is a commonly
used program that presents the result as similarity and
the InfoStat, a new and user friendlier one, as distance
(1-S, where S is genetic similarity value).

In addition, Spearman’s correlation coefficients
were calculated in order to compare genetic distances
obtained from the AFLP, SSR and morphological trait.

Coefficient of parentage
The calculation of the coefficient of parentage (f),

between two genotypes, as defined by Kempthorne
(1957), was carried out and corresponds to the

probability that alleles in a locus are identical by
descent to alleles in the same locus in another cultivar.
The f values were calculated using the procedure
“proc inbreeding” of the software SAS (version 9.1.,
SAS Institute, 2003). The assumptions suggested by
Cox et al. (1985) were adopted, and f was considered 0
among the remote ancestors. For each genotype it was
assumed that the inbred coefficient was 0, due to the
heterozygous character of the genotypes of this crop
(Chang and Lo 1993; Deren 1995).

To determine the correlation level among genetic
similarity coefficients obtained from AFLP, SSR and
morphological traits and, analysis of correlations were
carried out using Pearson’s coefficient ().

Hybridity determination

The emasculation treatment implied pollen steriliza-
tion by immersion of the panicle of two commercial
varieties commonly used as males, LCP 85-384 and
RA 87-3, in a hot water tank at 50 °C for 5 min. The
combinations studied were, a: LCP 85-384 emascu-
lated x RA 87-3, b: RA 87-3 emasculated x LCP

@ Springer
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85-384, c: LCP 85-384 selfed, d: RA 87-3 selfed, e:
LCP 85-384 emasculated and selfed and f: RA 87-3
emasculated and selfed. Each cross was made by
duplicating. Seeds were kept at —18 °C. Seedlings
were held under natural light conditions in a green-
house, temperatures ranging from 25 to 28 °C. In e and
f no viable seeds were obtained.

Fresh leaves from 120 samples belonging to the first
four cross combinations were collected and frozen at
—70 °C. Then, leaves were ground to a fine powder in
liquid nitrogen and DNA was extracted as it was
described earlier.

Out of the 15 SSR primer pairs previously checked,
MSCIIR19 was chosen because it produces an appro-
priate molecular profile in the studied genotypes. All
samples were amplified and segregation analysis was
performed with 7> test (P < 0.05).

Results
AFLPs

It was possible to discriminate each genotype with the
16 primer combinations (Table 2) which generated 62
bands on average. A total of 995 fragments, out of
which 193 were polymorphic, were identified. An
average of 19.40% polymorphism was obtained.
PLP95 ranged from 0.03 to 0.32. PIC values and
amplification percentage ranged from 0.01 to 0.28 and
65.04 to 99.79%, respectively (Table 2).

Dendograms obtained with the two softwares
showed the same clusters; where related genotypes
tended to group together. All cultivars grouped in one
main cluster, divided into at least seven subgroups,
presenting a high similarity degree and similar com-
plex profiles. Genotype similarities ranged between
0.94 and 0.99, and 0.97 and 0.99 by using Jaccard
(Fig. 1a) and Dice coefficients, respectively. Dendo-
grams of the eight genotypes (selected for morpho-
logical analysis), with both programs were the same
and similarities ranged between 0.95 and 0.99 by using
Jaccard coefficient (Fig. 1b).

SSRs
All 15 primers are applicable for sugarcane identifi-

cation because they produced unique and reproducible
amplification profiles. The allele number produced per

marker across the 36 genotypes varied from three to 15
and total number produced was 136, out of which, 101
were found to be polymorphic. A minimum of three
markers were required to correctly identified and
distinguish all genotypes.

SSR markers had a genetic diversity value between
0.61 and 0.95 (mean value: 0.84), calculated by using
the Anderson et al. (1993) formula. PIC values ranged
from 0.18 to 0.32. PLP95 and amplification percent-
age, ranged from 0.27 to 1.00 and 41.27 to 83.33%,
respectively (Table 3).

Dendograms of all 36 genotypes showed the same
clusters using both softwares. Related genotypes
tended to group together, as well as those from the
same origin. Genotype similarities ranged between
0.57 and 0.91 and 0.73 and 0.96, by using Jaccard and
Dice coefficients, respectively. When the eight
selected genotypes were grouped, similarities ranged
between 0.57 and 0.82 by using Jaccard coefficient;
however, both softwares did not show identical
clusters. The NTSys dendogram better reflected
genotype pedigree because TUC 89-28 was obtained
by selfing TUCCP 77-42 and they shared 83% of
similarity, while they shared less similarity (81%) with
InfoStat. Besides, TUCCP 77-42 is the male parent of
TUC 97-8 and their similarity was 67% with NTSys
and with InfoStat was only 38%. Furthermore, TUC
95-24 and TUC 97-7 belong to the same cluster as they
have related parents, crossing and selecting in the
same environment (Table 1; Fig. 2); however, these
genotypes did not cluster together with InfoStat. Thus,
a tendency for cultivars to group together with others
obtained from the same or related cross was observed
by using NTSys. Moreover, SSR data reflected genetic
relations more clearly than AFLP (Fig. 1b vs Fig. 2).

When both, AFLP and SSR, were used to generate
dendogram for the 36 genotypes, similarity ranged
between 0.91 and 0.98 by using Jaccard coefficient,
indicating that there is low genetic diversity between
these varieties. In the dendogram of the eight geno-
types selected for morphological characterization,
similarities ranged between 0.92 and 0.95 when using
Jaccard coefficient, and clusters differed from those
obtained with AFLP.

Morphological traits

Fifty-two morphological characters describing various
plant parts out of those proposed by UPOV (2005) were
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Fig. 1 Phenogram of 36 (a) and eight selected (b) sugarcane genotypes based on 995 allele analysis from 16 AFLP primer
combinations when using Jaccard coefficient and UPGMA clustering method with InfoStat, presented as distance (1-S, S: similarity)

analyzed. Number and length of leaf hairs were divided showed similarity in four characters (depth and length of
to facilitate character assessment. The eight genotypes bud groove, by virtue of lacking a groove, pubescence
greatly varied in several characters. However, they on the bud, and size of underlapping auricle) (Table 4).
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Fig. 2 Phenogram of eight LCP 85-384
selected sugarcane
genotypes based on 136 TUCCP 7742
allele analysis from 15 SSR
primers when using Jaccard
coefficient and UPGMA — TUC 89-28
clustering method with
NTSys shown as similarity
TUC 97-8
RA 87-3
TUC 95-24
TUC 97-7
TUC 95-37
oss o6 o8 ose {0
Similarity (Jaccard)
Distance (Jaccard (1-S))
RA 87-3
TUC89-28
TUC95-37
TuCe7-7
Tuce7-8
TP 77-42
TUC95-24
LCP85-384
000 0.14 0.29 043 0.57 o7 0.86

Fig. 3 Phenogram of eight selected sugarcane genotypes based
on the analysis of 170 alleles produced from all evaluated
morphological traits when using Jaccard coefficient and

Dendograms obtained with both programs showed
the same clusters. Genotype similarities ranged
between 0.19 and 0.41 when using Jaccard coefficient
(Fig. 3). This dendogram did not clearly reflect
genotype pedigree; it merely revealed external

UPGMA clustering method with InfoStat program, presented
as distance (1-S; S: similarity)

genotype resemblance which is not directly associated
with genetic relationships.

Nine morphological characters are compulsory to
identify sugarcane varieties. Only eight were evalu-
ated; and the dendogram constructed with both
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Table 5 Characteristics of the different locations (Cuenya et al. 2011) where eight compulsory characters proposed by UPOV (2005)

were evaluated

Locations (Tucuman, Annual precipitation (mm)

Soil

Argentina) Normal® 2010

2011°

Texture Organic matter Drainage

Cevil Pozo 1,141 1,030
Las Talitas 1,064 1,017.6
Santa Ana 1,194 940.9

Silty loam Moderate Very good
Loam Moderate Good

Sandy loam High Good

* Determined as the average of the values of the years between 1973 and 2009

® ND not determined yet

Distance (Jaccard (1-S))

TUC97-7

TUC95-24

RA 87-3

TUC95-37

TUC97-8

TUC89-28

TUCCP 77-42

LCP 85-384

000 0.02 0.05

Fig. 4 Phenogram of eight selected sugarcane genotypes based
on 170 allele analysis from all morphological traits, 995 alleles
produced from 16 AFLP primer combinations and 136 alleles

softwares did not show the same clusters, because two
genotype positions were exchanged (TUC 89-28 and
TUC 95-37) and the similarity ranged between 0.08
and 0.24 when using Jaccard coefficient. Our results
support the use of these characters to differentiate
between sugarcane genotypes as they were enough to
discriminate all varieties tested.

These eight compulsory characters were evaluated
during two years and three different locations and
actually did not vary under different environmental
conditions (Table 5). This suggests that the characters
proposed by UPOV (2005) enable cultivar label
maintenance both within and between research
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produced from 15 SSR primers when using Jaccard coefficient
and UPGMA clustering method InfoStat, presented as distance
(1-S; S: similarity)

stations, as they are very stable under different
environmental conditions.

Morphological data were combined with AFLP and
SSR data of the eight genotypes and similarity ranged
between 0.89 and 0.94, and 0.43 and 0.55, respec-
tively, when using Jaccard coefficient.

Although morphological traits only revealed exter-
nal resemblance and not genetic relationships, when
there were combined with molecular markers the
topology of the dendogram obtained reflected geno-
type pedigree as when only molecular markers were
used. In addition, a more accurate estimation of the
genetic diversity could be obtained due to genotype
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similarities ranged between 0.86 and 0.90 by using
Jaccard coefficient (Fig. 4), compared with that
obtained by only using molecular markers.

Correlation between AFLP and SSR dendograms of
the eight genotypes was 0.58 (P < 0.05); this indicates
that there would be a concordance between AFLP and
SSR, despite the difference in topology of both
dendograms. The correlations between morphological
traits and AFLP and SSR were not significant and low
at 0.29 and 0.11, respectively. However, when the
three types of markers were combined, including the
morphological ones, high and significant correlations
were obtained with molecular markers (Table 6).

On the other hand, dendograms obtained with both
softwares did not always show the same cluster. When
the data number was high, both programs showed the
same clusters; however, when genotype or character
numbers were reduced, dendograms differed (for
example: eight genotypes with 136 SSR markers or
eight genotypes with 34 morphological markers
belonging to the eight compulsory characters). Nev-
ertheless, character numbers were more important
than genotype numbers in order to obtain the same
cluster with both programs. With AFLP data the
minimum number of characters needed to obtain the
same cluster with both softwares, was tested. At least
150 characters had to be included in the analysis to
obtain the same dendograms with both programs (data
not shown).

Coefficient of parentage

Coefficient of parentage (f) ranged from O to 0.5 with a
mean of 0.026. The correlations (r) between genetic
similarity coefficients obtained with AFLP, SSR and
AFLP plus SSR, and f were highly significant (P <
0.001); although, the value obtained was relatively

Table 6 Spearman’s correlation coefficients among genetic
distances obtained using AFLP, SSR and morphological traits

Molecular marker ~ Morphological
traits
AFLP SSR
SSR 0.58*
Morphological traits 0.29 0.11
AFLP + SSR + 0.55* 0.79* 0.01

Morphological traits

Significance level: P < 0.05

Table 7 Pearson correlation coefficients among Jaccard
genetic similarity coefficients obtained using AFLP, SSR and
morphological traits and coefficient of parentage

Coefficient of parentage P

AFLP 0.12 440
SSR 0.20 37e¢7%°
AFLP + SSR 0.17 95¢7°
Morphological traits 0.16 0.51

* Significance level: P < 0.001

low. The correlation (r) between genetic similarity
coefficient obtained from morphological trait and
f showed also a low value but it was not significant
(Table 7).

Hybridity determination

This experiment was carried out in order to assure that
both the hybrid character of the progeny and that the
emasculation treatment routinely applied for parents
in the local breeding program is reliable.

After the emasculation treatment, total pollen
absence was confirmed using magnifying glass for
the two varieties, RA 87-3 and LCP 85-384, whereas
presence of pollen was detected in the same varieties
without treatment. Crosses were performed success-
fully and the number of seedlings obtained/gr of seed
is shown in Table 8. No viable seeds were obtained
when LCP 85-384 and RA 87-3 were emasculated and
selfed. Total DNA from progeny of each cross-
combination was screened with the MSCIIR 19 primer
that amplified seven polymorphic and three mono-
morphic fragments between the two varieties.

A segregation analysis was conducted to detect
hybrids and possible distortions, especially taking into
account the polyploid structure of sugarcane. As SSR
bands were considered as dominant, and sugarcane is
highly heterozygous, only half the hybrid progeny (1:1)
on average inherit each male or female-specific SSR
band in the crossings and in 3:1 ratio in the selfings
(MclIntyre and Jackson 2001). For monomorphic bands
in the crossings the segregation is expected to be 3:1,
considering that sugarcane is highly heterozygous.
Thus, it was important to use a sufficient number of
male-specific bands to have a reasonable probability of
detecting the hybrids. Segregation analysis showed that
each marker segregated in a Mendelian fashion (as
evaluated by ;(2 tests, P < 0.05) for each cross (Table 9)
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Table 8 Sugarcane cross combinations studied in the emasculation experiment

Combinations Average number of Number of
seedlings obtained/gr evaluated
of seed seedlings

Crosses LCP 85-384 emasculated x RA 87-3 129 43

RA 87-3 emasculated x LCP 85-384 139 44

Selfings LCP 85-384 23 22

RA 87-3 14 11

LCP 85-384 emasculated 0 0

RA 87-3 emasculated 0 0

and selfing (Table 10). Taking into consideration how
markers segregated in the hybrids, out of the six markers
presented in LCP85-384, four were heterozygous
(markers 5, 6, 8 and 10) and two were homozygous
(markers 2 and 3), because the latter two did not
segregate in the hybrids when LCP 85-384 was selfed
(Table 10). Out of the seven markers present in RA
87-3, five were heterozygous (markers 1, 4, 7, 8 and 9)
and two were homozygous (markers 3 and 5)
(Table 10). Out of the three monomorphic bands
between the two varieties, two did not segregate
(markers 3 and 5) because, as it was aforementioned,
marker 3 was homozygous in both, LCP 85-384 and RA
87-3, while marker 5 was homozygous in the latter. The
monomorphic marker 8 segregated in a 3:1 ratio as
expected.

Discussion

Determining genetic diversity and evaluating different
approaches to assess such diversity are equally impor-
tant in order to be able to better identify genetically
distant sugarcane germplasm to be used as parents in
breeding programs and to generate better performing
hybrids. In addition, obtaining such information will
enable a more sustainable management of the available
resources and provide a better basis for breeding
program success (Queme et al. 2005). Moreover,
determining genetic diversity of the evaluated geno-
types may contribute to the development of a mapping
population, which could serve as a tool for the
identification and localization of QTL corresponding
to yield and fiber content, traits of great future interest
taking into account the great value of sugarcane as a
bioenergy feedstock. Diversity can be determined by
means of morphological characters and/or molecular
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markers; the latter present some advantages over the
morphological traits because they are not affected by
the environment, the plant physiological state and
other factors. AFLP markers allow for simultaneous
screening of many different genome regions distrib-
uted randomly throughout the genome (Mueller and
Wolfenbarger 1999). In this study we found a high
number of AFLP bands but revealed a low polymor-
phic band number (19.40%) reflecting a very limited
genetic diversity in the breeding germplasm evaluated
(Jaccard coefficient mean value: 0.96). Lima et al.
(2002) found a higher diversity (Jaccard coefficent
mean value: 0.47) when analyzing different Saccha-
rum species using only polymorphic AFLP bands. A
study of Besse et al. (1998) revealed a lower diversity
(Dice coefficient mean value: 0.69) when using AFLP
markers within S. officinarum and S. Spontaneum.
However, the AFLP technique still provides a useful
alternative for diversity estimation as well as for
genotype identification because the 16 primer combi-
nations were enough to differentiate between all 36
sugarcane genotypes tested in this study.
Microsatellite (SSR) markers are one of the best
choices to determine genetic diversity because of their
abundance, high polymorphism between individuals
(Cordeiro et al. 2001) (75% between the evaluated
genotypes) and reproducibility. This type of markers
was useful for the genotypic identification and in
establishing relationships between the different sug-
arcane genotypes used in this study, manifesting the
pedigree information as earlier described (Cordeiro
et al. 2001). In addition, using SSR markers makes it
possible to determine self-pollination accurately and
easily identify true hybrid progeny, even at early
stages of a breeding program (Zhang et al. 2004). The
polymorphism information content (PIC) term, orig-
inally introduced into human genetics (Botstein et al.
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Table 9 Segregation analysis (5 test, P < 0.05) for each cross combination, between two sugarcane varieties

Genotyping LCP 85-384 emasculated x RA 87-3 RA 87-3 emasculated x LCP 85-384

Marker LCP RA  Expected Observed b Probability Expected Observed b Probability
85-384 87-3  segregation segregation (%) segregation  segregation (%)

1 - 1:1 19:24 0.581 44.5766 NS* 1:1 20:24 0.364 54.6494 NS

2 - 1:1 Without segregation 1:1 Without segregation

3 - - 3:1 Without segregation 3:1 Without segregation

4 - 1:1 20:23 0209 64.7315NS  1:1 22:22 0.00 100.0 NS

5 - - 3:1 Without segregation 3:1 Without segregation

6 - 1:1 20:23 0209 64.7315NS  1:1 20:24 0.364  54.6494 NS

7 - 1:1 23:20 0209 64.7315NS  1:1 21:23 0.091 76.3025 NS

8 - - 3:1 32:11 0209 64.7315NS  3:1 32:12 0.091 76.3025 NS

9 - 1:1 23:20 0209 64.7315NS  1:1 23:21 0.091 76.3025 NS

10 - 1:1 27:16 2.814  9.3448 NS 1:1 25:19 0.818 36.5712 NS

* NS not significant

Table 10 Segregation analysis (3 test, P < 0.05) in self progeny of two sugarcane varieties

LCP 85-384 selfed RA 87-3 selfed

Marker LCP Expected Observed 7 Probability RA  Expected Observed e Probability
85-384  segregation  segregation (%) 87-3 segregation segregation (%)

1 - 3:1 6:5 2455 11.7185 NS

2 - 3:1 Without segregation

3 - 3:1 Without segregation - 3:1 Without segregation

4 - 3:1 7:4 0.758  38.4088 NS

5 - 3:1 15:7 0.545 46.0181 NS* - 3:1 Without segregation

6 - 3:1 15:7 0.545 46.0181 NS

7 - 3:1 7:4 0.758  38.4088 NS

8 - 3:1 15:7 0.545 46.0181 NS - 3:1 7:4 0.758  38.4088 NS

9 - 3:1 T:4 0.758  38.4088 NS

10 - 3:1 15:7 0.545 46.0181 NS

* NS not significant

1980) refers to the value of a marker for detecting
polymorphism within a population, depending on the
number of detectable alleles and the distribution of
their frequency (Junjian et al. 2002). PIC values
calculated for the genotypes used in this study differed
when using the formula introduced by Botstein et al.
(1980) and the one used by Anderson et al. (1993).
However, the latest version seems to be more widely
used and the high PIC level obtained by this method is
a reflection of how much of diversity has been
captured in cultivated sugarcane, showing the

usefulness of SSR for diversity studies. As Coburn
et al. (2002) found in rice, there was no direct
correlation between allele numbers and PIC values
(Table 3); hence, PIC differences are largely due to
allele frequency variation. Studies in wheat has also
shown that both PIC values and diversity obtained
with SSR are higher than those obtained by AFLP
(Manifesto et al. 2001).

Furthermore, based in our results, molecular mark-
ers were useful not only for genetic diversity estima-
tion but also for genotype identification. For that
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reason, we suggest that molecular markers should be
included in the internationally established morpho-
logical characters for protection of new sugarcane
varieties as they allow for the screening of different
regions of the genome, germplasm characterization
and identification at the same time.

Only eight out of the 36 genotypes, chosen because
they are the most significant varieties among the
evaluated genotypes, were characterized by using the
characters proposed by UPOV (2005). Three of them
(LCP 85-384, RA 87-3 and TUCCP 77-42) are the
most widely planted cultivars in the sugarcane grow-
ing area in Tucuman and they occupy approximately
70% of the total production area (Ahmed et al. 2007).
Three other genotypes (TUC 89-28, TUC 95-37 and
TUC 97-8) were the varieties released in 2009, while
the rest (TUC 97-7 and TUC 95-24) are advanced
breeding clones at final testing stages before a possible
commercial release. LCP 85-384 and TUCCP 77-42
are from USA, but the second genotype was selected in
Argentina, while the rest were obtained in the local
breeding program at EEAOC. One of the main aims of
our breeding program is to expand the varietal
spectrum, at the moment restricted to only a few
genotypes, so that the genetic base of future commer-
cial varieties will be widened.

Morphological characters proposed by UPOV (2005)
were more discriminative than AFLP and SSR markers
as Salem et al. (2008) found. Actually, only eight
characters out of those proposed by UPOV, efficiently
distinguished between varieties. However, morpholog-
ical characters may be inadequate to evaluate correctly
the genetic relatedness between genotypes because as
they only revealed external resemblance they could
overestimate genetic diversity. On the other hand, all
these characters were environmentally stable as they did
not vary in determinations carried out during two
independent growth seasons and three different geo-
graphic locations. Morphological characterization is
easier, faster and more economical than molecular and
other marker systems (Wagih et al. 2004) and can be
used as a valuable tool to identify genotypes.

When comparing dendrograms and correlations
between genetic distances, our results revealed that the
morphological data were not in agreement with the
molecular data obtained (Figs. 1b, 2, 3; Table 6).
Similar results have been obtained when comparing
DNA markers and morphological traits in many other
species (Garcia et al. 2002; Durdn et al. 2005;
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Martinez et al. 2005; Vollmann et al. 2005). As a
consequence it has been suggested that the low
correlation between DNA markers and morphological
data could be due to DNA markers cover a larger
proportion of the genome, including coding and
noncoding regions, than the morphological markers
(Semagn 2002). Other explanation for such discrep-
ancy is that the DNA regions examined by molecular
techniques are not expressed in phenotypic character
proposed by UPOV, although these characters are
perhaps more reflective of agronomic performances.
Moreover, the SSR dendrogram obtained is topolog-
ically different from the AFLP dendogram (Fig. 1b vs
2). However, the correlation value indicates that there
is a concordance between the AFLP and SSR data
(Table 6). As sugarcane is a cross-pollinated, highly
heterogeneous species, a high level of similarity
among different marker techniques might not be seen,
given that they explore different regions of the large
genome. In accordance with this hypothesis, Degani
et al. (2001) and Budak et al. (2004) reported
correlation absence between different markers in
strawberry and buffalograss, respectively.

NTSys and InfoStat softwares were analysed in
order to test their robustness. These inconsistencies
may be attributed to differences in rounding distance
matrixes. When providing a high number of data
points, both programs show the same clusters. How-
ever, when genotypes or character numbers are
reduced, dendograms began to differ. Character num-
bers were found to be of more importance than the
genotype number in order to obtain the same cluster
using both programs. We found that at least 150
characters had to be included in the analysis to obtain
the same cluster using both softwares. Our study
indicates that NTSys is better to use when a reduced
data number is available, as dendograms with fewer
data were more consistent with pedigree expectations
using this software (data not shown). However,
InfoStat is more simple and user friendlier. Regards
similarity coefficients, Jaccard and Dice coefficients
assume that two genotypes are more similar due to the
presence instead of the absence of a character (Balza-
rini et al. 2006). However, as Dice gives more weight to
matching bands (Besse et al. 1998), Jaccard reduces the
risk of over-estimating similarity as Dice does (Corde-
iro et al. 2003). Both disregards the conjoint absence of
bands in the pairwise comparison and give identical
rankings among pair from inbred lines (Mohammadi
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and Prasanna 2003) but might differ when analyzing
heterozygous loci (Link et al. 1995). For this study, the
Jaccard coefficient was used as it is deemed most
appropriate  when using dominant markers (Arro
2004). In addition, the large number of fragments
revealed on an AFLP gel, as in the case of our study,
maximises the chances of fortuitous comigration of
two fragments of very similar size (Besse et al. 1998);
Jaccard coefficient minimises the error resulting from
scoring different bands as identical. For the aforemen-
tioned reasons, the Jaccard coefficient was chosen to
calculate genotype similarity in our analysis.

A significant correlation, with low value, was
observed between the coefficient of parentage (f) and
measurements of genetic similarity (» = 0.12 and 0.20
for AFLP and SSR, respectively). Similar results were
also observed in other studies where genetic similarity,
based on molecular markers, has shown low to medium
correlation with fbased on pedigree data (Graner et al.
1994; Tinker et al. 1993; Plaschke et al. 1995; Schut
etal. 1997; Barret and Kidwell 1998; Lima et al. 2002).
The low to moderate correlation between genetic
similarity estimates and f is probably due to: unequal
parental contribution (Lu et al. 1994; Deren 1995);
gene concentration in each generation of crossing; the
male parent in the polycrosses being the same or a very
close cultivar, or else the mistaken annotation of the
parent during the generation of one of the two estimates
(Lima et al. 2002). In addition, the pedigree records do
not take into account selection and genetic drift, which
play a significant role in variety development (Selvi
et al. 2003). The f, although highly informative in a
breeding program, presents inherent errors during its
calculation. This is, in part, due to some genetic
suppositions, which are assumed in the calculation of f,
such as that all ancestors are not closely related (Cox
etal. 1985) which is not always true when the history of
sugarcane cultivars is considered (Bremer 1961a). The
supposition that the genotype receives the same
amount of genes from each parent is questionable;
sugarcane is polyploid and highly heterozygotic, even
two full sibs could inherit completely different sets of
chromosomes and thus markers, from the same pair of
parents, eventually resulting in a near zero genetic
similarity (Selvi et al. 2003). Adding to this, the well-
known fact that when using S. officinarum as a female
parent, its meiosis is not equivalent, resulting in one
parent’s alleles having an advantage over the other
(Bremer 1961b). Another point to be considered during

the calculation of fis the little-known changes in the
frequency of the alleles, due to the effect of genetic
drift and the selection process. Both phenomena can
influence the precision of f. As, for example, the
transmission of alleles, especially those that control
qualitative characteristics with high heritability, is
clearly influenced by the intensity of selection in a
breeding program. This fact results in a bias in the
contribution of the parent, stressing the favourable
alleles for the character in the resulting progeny (Cox
et al. 1985; Souza and Sorrells 1989). So, genetic
similarity estimates obtained from molecular markers
will provide more accurate information to plant
breeders than the pedigree method, allowing them to
make more-efficiently reliable crossings with maxi-
mum-allele variation on a short-term basis or to
strategically plan the breeding program on a more
long-term basis as Barret and Kidwell (1998) and Lima
et al. (2002) found. The correlation between genetic
similarity coefficient obtained from morphological
trait and f showed a low value that was not statistically
significant. Schut et al. (1997) have obtained similar
results in barley and this may be caused by a biased and
insufficient representation of the whole genome using
only morphological traits.

The EEAOC breeding program constantly incor-
porates new germplasm, predominantly from the
USA. Our genotyping results indicate that local and
USA breeding programs share a common genetic
background as CP, LCP and HoCP varieties all
grouped together with the local genotypes, since most
of them are products of crosses shared among these
programs (Fig. 1). The data provided in this study
support the evidence that the local sugarcane gene
pool was mainly derived from introductions from the
USA. No clear genetic differentiation between these
programs could be detected due to the high frequency
of germplasm exchange. The genetic base of modern
sugarcane varieties appears to be narrow as reported
by Cordeiro (2001) and D'Hont et al. (1995). This
could be the reason for the present slow progress in
sugarcane breeding and the little genetic diversity.

Although MclIntre and Jackson (2001) suggested
that unwanted selfing is not a significant problem in
the Australian sugarcane breeding program; self-
pollination can occur in sugarcane. However, in the
local breeding program at EEAOC, the implementa-
tion of both an effective emasculation method and the
SSR technique allows to assess the fidelity of

@ Springer



508

Euphytica (2012) 185:491-510

sugarcane crosses. Results from hybridity determina-
tion experiments indicate that treatment is successful
in complete emasculating of both the RA 87-3 and
LCP 85-384 varieties and that it does not cause a
serious reduction in stigma and ovary viability, as has
been previously reported (Nagai 1984). In addition,
this method is simpler, faster and cheaper than other
emasculation techniques (Machado et al. 1995). The
SSR technique allowed us to identify true hybrid
progeny and, although only a limited number of SSR
markers have been studied, this survey suggests that
these markers showing Mendelian inheritance in the
polyploid nature of sugarcane were enough to allow
for hybrid detection. Manigbas and Villegas (2004)
correctly identified hybrids derived from sugarcane
crosses using only one SSR. In conclusion both
implemented tools routinely applied in the EEAOC
breeding program, will improve the efficiency of this
process.

Despite economic and social importance of sugar-
cane production in Argentina, no other study has been
carried out to evaluate integrally local breeding
materials. The present study constitutes a detailed
report on sugarcane genotype characterization for
identification and genetic diversity estimation by
comparing data analysis softwares and by using
morphological traits and different molecular tech-
niques in order to monitor different genomic regions.
It represents a starting point to determine qualitative
and quantitative shifts in diversity over time of the
breeding program at EEAOC.

Sugarcane should be considered as a model crop of
high genetic complexity. Many times, only a small
proportion of the genotypic variation is sampled,
hence, the inclusion of many kinds of characters would
be of great addition. Thus, when morphological traits
were included in the analysis, although they only
revealed external resemblance, the dendrogram
obtained reflected genotype pedigree and its topology
was not modified compared with those obtained with
molecular markers (Table 6); however, both methods,
molecular and morphological, should be used together
in order to obtain a more accurate estimation of the
genetic diversity. In summary, the combined genetic
and morphologic variability found in this study will
aid in selection of parental crosses for mapping and for
the discovery of potential quantitative trait loci. The
benefits of the genetic knowledge obtained will be
extremely useful not only to identify parental lines for

@ Springer

favourable combinations that may yield greater
genetic gain in breeding for important traits but also
to broaden the general genetic basis of the local
germplasm in the future.
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