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ABSTRACT

Eighteen enzyme systems were examindexmparaguariensiSt. Hil. using starch gel electrophoresis. Sevenod
12 active isozyme systems revealed one or morenpgbpic loci (PGI, GOT, MR, G-6PDH, MDH, NDH, and 6
PGDH). However, the segregation and linkage anaygere performed only for PGI, GOT, G-6PDH and 6ERG
systems. Gene segregation at these loci was regeMaept for a few trees that showed segregatistodion. Weak
linkage disequilibrium between loci was detected,itwas not enough to influence the multilocuseste.

Key words: Erva-mate (maté), electrophoresis, loci, allele segregation

INTRODUCTION llex paraguariensisSt. Hil. (“erva-mate”) is a
broad-leaved tree, native to South America

Biochemical marker allozymes are used in forestOliveira and Rotta, 1985). It has several indastri
genetic studies since they constitute an excelle@plications, but is especially used for beverage
tool for breeding programs and genetic resourcddeparation. Mate is a culture of important
conservation (Bergmann and Hattemer, 199g:ommercial value for South Brazil and neighbor
Finkeldey, 1998). They are mainly used incountries, such as Paraguay and Argentina
reproduction system studies, measures dMaccari Junior, 2000). Due to its strong and
population diversity and genetic structure, genéndiscriminate  exploitation ~and  intensive
flow, migration inferences, studies of phylogenyrequirement, studies of its biology and geneties ar
and taxonomy and in the genomic mappingl€cessary to guide conservation and improvement
(Glaubitz and Moran, 2000). It is necessary td@rograms.

consider a specific gene marker to infer aboufhis work aimed to study the inheritance and
inheritance mode and linkage equilibrium amondinkage relationships  of allozymes inl.

loci (Gillet and Hattemer, 1989). Such studies ar@araguariensis as part of a major study on the
quite common for conifers, but they are rare foreproductive systems and genetic structure of this
broad-leaved species (Sebbenn, 2004). Species.
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MATERIAL AND METHODS 40 6%, sucrose 5%, BEDTA.2H,0 0.004 mol.L
!, DTT 0.026 mol.L*, bovine serum albumin 1.5%
Plant material and samples and mercaptoethanol 1%, dissolved in Tris-HCI

The material was collected from a Seed ProductioP.067 mol.L* buffer, pH 7.5) with 0.01 g of PVPP
Area located at Colombo - Parana State, Brazivas added to leaf extracts. The wicks with
(25°20" S and 49 14’ W and 920 m high). The €nzymes from the mother tree and their respective
seeds were submitted to stratification procedurBrogenies were positioned side by side in the gel.
for six months -. The seedling leaves from 25The  protein  separation was done by
mother trees and their respective progenies (38lectrophoresis of horizontal starch gel containing

progenies/mother tree) were analyzed. 13% starch and 1.35% sucrose. Electrophoresis
was conducted in three systems: Lithium-borate,
Electrophoresis Tris-citrate and Morpholine-citrate. The buffer

The enzymes were extracted from 100 mg of lesgomposition and running conditions are shown in
tissues and crushed in liquid nitrogen.Table 1. Eighteen enzyme systems were examined

Subsequently, 24QL of extraction buffer (PvP- (Table 2).

Table 1 -Buffers and running conditions for starch-gel @lgghoresis of. paraguariensigsozymes.

Electrode buffer Gel buffer Running conditions
Lithium-borate-system 13% starch 75 mA constant
0.191 mol.L* boric acid 1.35% sucrose for5h
0.042 mol.* lithium hydroxide 0.051 mol.L* Tris
pH 8.1 0.009 mol.L* citric acid monohydrate

pH 8.1

5% (v/v) electrode buffer
Tris-citrate-system 13% starch 150 V constant
0.149 mol.L' Tris 1.35% sucrose for5%h
0.043 mol.L* citric acid monohydrate ~ 0.148 mol.L* Tris
pH 7.5 0.043 mol.L* citric acid monohydrate

diluted 1 part buffer: 3 parts water

pH 7.3
Morpholine-citrate-system 13% starch 65 mA constant
0.040 mol.* citric acid monohydrate ~ 1.35% sucrose for5h
Adjust pHwith N-(aminopropyl) 0.040 mol.L* citric acid monohydrate
pH 6.1 Adjust pH with N-(aminopropyl)

pH 6.1

Table 2 - Enzymes examined in this study, with their abkattehs and Enzyme Commission (E. C.) reference
numbers.

Enzyme systems Abbreviation E. C. no.
Aconitase ACO 42.1.3
Alcohol dehydrogenase ADH 1111
Malic enzyme ME 1.1.1.40
Acid phosphatase ACP 3.1.3.2
Phosphoglucose isomerase PGI 5.3.1.9
Phosphoglucomutase PGM 2.75.1
6-Phosphogluconate dehydrogenase 6-PGDH 1.1.1.44
Formiate dehydrogenase FDH 1.2.1.2
Glutamate dehydrogenase GDH 1.4.1.3
Glucose-6-phosphate dehydrogenase G-6PDH 1.1.1.49
Glutamate oxaloacetate transaminase GOT 26.1.1
Isocitrate dehydrogenase IDH 1.1.1.42
Leucine aminopeptidase LAP 34111
Malate dehydrogenase MDH 1.1.1.37
Menadion reductase MR 1.6.99.2
NADH-dehydrogenase NDH 1.6.99.3
Peroxidase PO 1.11.1.7
Shikimic acid dehydrogenase SKDH 1.1.1.25
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Segregation analysis disequilibria of Burrows, A, (Weir, 1979) and

The inheritance mode df paraguariensiswas oqtimated by GDA software (Lewis and Zaykin,

inferred according to Gillet and Hattemer (1989 . :
method, which compared the mother tree with it)%ggg)' The chi-squarey() tested the hypothesis

open-pollinated progeny. The following conditionsOf independent segregation (Weir, 1979).
were checked and met using this method: a) all

progeny of homozygous mother treeAA)
possessed the allele of the maternal tigE (n RESULTS AND DISCUSSION

case of heterozygous mother tr 7). b ) .
Zygou oA 1#): b) Electrophoresis and enzyme polymorphism

(AA, i#j): b.1) each individual among the . -
offsprings - contained one of the maternal aIIeIeg-he extraction buffer was chosen after preliminary
Investigation.

A, A, b.2) the number of the heterozygous . -
progenieshA (N;) was expected to be equal to theThe adjusted buffer efficiently preserved the

can (N . activity of I. paraguariensisenzymes. Clear and
Ztlm; oLho_nlw\Iozi/gNous gggiﬂlﬁémge?n%??he reproducible zymograms were obtained for 12
n/m i i i’ )

enzymes: PGIl, PGM, GOT and MR (Lithium-
heterozygous progeniésA, (Ni) was expected to porate system - pH 8.1); ADH, GDH, G-6PDH,
be equal to the number of the heterozygou|pH, MDH, NDH, SKDH and 6-PGDH (Tris-
progeniesAA« (Ni), Ny = Ny (K #1i, ). citrate system - pH 7.1). Poor resolution and
The homogeneity G test (Sokal and Rohlf, 1981 uUnclear bands were observed for Morpholine-
with one degree of freedom, was applied yCitrate syste_m and for '[.hIS reason, |.t was excluded
compare the observed phenotypes in each progeffom genetics analysis. The loci and alleles
from heterozygous mother tree, with the expectenferred from the zymograms and investigated in
1:1 segregation hypothesis. Finally, all thethis study are listed in Table 3. A locus was

individual tests were pooled and a G total test weconsidered polymorphic if the frequency of the
obtained §°q ) with n degree of freedom, MOSt common allele was lower than 95%. Seven

nponesisL . from 12 active enzyme systems revealed one or
< . .
where n represented the analyzed progeniesqre polymorphic loci.

Simultaneously, the observed phenotypes we

pooled and a G test grouped for 1:1 segregatiofegcrintion and segregation of isozyme banding
was obtained Y'G,,.,) With one degree of patterns

freedom. The hypothesis of heterogeneityMonomorphic enzymes

segregation between the progenies was test&laining reactions for PGM, ADH, GDH, IDH and
throughout a G testX G ), subtracting the SKDH resulted in a single and uniform band. In
pooled G test EG the absence of variation, this band was empirically

Hpooled 7 N called locusA, with one allele (Table 3).
(3 Gyypomesin ) These statistics were additive, so

that S'G o= Y Grerocene TS Gt with n,  Polymorphic enzymes
2o = 2 Creoae 2. Cu " Glutamate oxaloacetate transaminase (GOT)
n-1 and1 degrees of freedom, respectively (Sousa].h | hi dentified i |
et al., 2002). If the test was statistically sigraft ree polymorphic zones were identified in gels
N ' ‘.. stained for GOT (Fig. 1). Each zone was

trees not conforn_wm_g to the 1:1 Segreg"’ltlorgzontrolled by two variants. The zones B and C
hypothesis were eliminated from the data and thé . S

L revealed high polymorphism; however, they were
statistical tests were repeated. Letters and mBnbeéxclu ded from the analvsis because the bands were
designated the loci and alleles identified in tké g y

respectively, in the order of their migration rate very weak and .With overlapping Zones and,
towards the’ano de Stherefore, the gel interpretation was difficult.ln

' GOT-A was used for genetic analysi&§OT
revealed the typical pattern of dimeric enzymes,
with heterozygous genotypes represented by three
Bands.

heterogeniey

) from total G test

Linkage analysis
The linkage analysis was based on linkag
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Table 3 -Enzyme polymorphism observed in Seed Producti@aAfl. paraguariensis.

Enzyme system Loci Scored Alleles Scored Polymorpm
Lithium-borate buffer (pH 8.1)
PGI A 1 no
B 4 high
PGM A 1 no
GOT A 2 moderate
B 2 high
C 2 high
MR A 2 moderate
Tris-citrate buffer (pH 7.5)
ADH A 1 no
GDH A 1 no
G-6 PDH A 2 moderate
IDH A 1 no
MDH A 2 moderate
B 2 high
C 1 no
NDH A 2 low
B 1 no
SKDH A 1 no
6-PGDH A 2 moderate
B 2 low
Phosphoglucose isomerase (PGlI) Menadion reductase (MR)

Two PGI activity zones were observed and th®ne zone with two variants appeared in gels
most anodal was invariable, while the otherstained for MR. This enzyme showed a tetrameric
showed four bands with high polymorphism. Thestructure. However, it was not possible to identify
phenotypes observed in B zone indicated that PGl heterodimers. Therefore, this system was
was a dimeric enzyme (Fig. 1).In further analysiexcluded from the genetic analysis. In most plant
of natural populations, Wendt (2005) observed twapecies, MR is a multimeric enzyme with a
variants in the fast migration zone and one moraumber of intragenic heterodimers in phenotypes
variant (the fifth one) in the second zone. of heterozygotes that makes their identification

difficult (Finkeldey et al., 1998). Fallour et al.,
Glucose-6-phosphate dehydrogenase (G-6PDH) (1997) and Finkeldey et al., (1998) working with
Gels stained for G-6PDH showed a single activityPinus pineaandPterocarpus indicugespectively,
zone with two bands. The variants found in G-also excluded the MR enzyme, as consequence of
6PDH revealed a monomeric structure In very complex banding patterns and difficulties in
paraguariensigFig. 1). zymograms interpretation.

Malate dehydrogenase (MDH) NADH-dehydrogenase (NDH)

Three MDH activity zones were identified. ZonesTwo enzyme activity zones were identified on gels
A and B were polymorphic showing two variantsstained for NDH. The faster migrating zone (A)
in each one. Zone C was monomorphic. A triplestained weakly and showed two variants. These
banded variant when heterozygous suggested bands in the progenies were not clear enough to be
dimeric structure for this enzyme. The patterns oévaluated. NDH revealed the typical pattern of
zymograms were very complicated to understandnonomeric enzyme. The B zone was
Therefore, this system was excluded from the datmonomorphic. However, studies in natural
analysis. Konnert et al. (2001) also excludeghopulations revealed polymorphism in the second
MDH enzyme from their study withAcer zone (two variants) being utilized in the analyses
pseudoplatanuss consequence of a complicatedf genetic structure (Wendt, 2005).

enzymatic pattern.
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6-Phosfogluconate dehydrogenase (6-PGDH)  two variants. The observed phenotypes showed
Two polymorphic zones were identified in gelsthat 6-PGDH isozyme ih paraguariensiswas a
stained for 6-PGDH. Each zone was controlled bgimer (Fig. 1).

+ . —+
A GOT PGI A
A"; [ S — ﬁ [ —e— ﬁ [ ——
_.";. — — — —
B — —_— B A
C =— = A 22 22 12 22 22 12 22
A 11 12 11 11 12 11 11 B 25 11 24 23 33 22 13
:: G-6PDH 6-PGDH :
A — —
_.";. L ] A L] B
A 22 22 22 22 11 22 12
A 11 12 22 11 12 11 22 B 11 12 12 11 11 11 11
e Allele analyzed
= Allele not analyzed
e Allele observed only in natural populations
Figure 1- Schematic diagram of enzyme phenotypes observegaraguariensis.
Segregation analysis When it was excluded from analysis, the data were

Table 4 summarizes the tests of regulaperfectly adjusted (Table 4Progenies from C51
segregation ratios applied to enzyme bands tmee showed an excess of heterozygote genotype
confirm the inferred genotypes. (Ny) prevailing theB,B; type (25 individuals)
GOT showed three activity zones; however, onlfTable 5). The natural selection might explain
GOT-Awas utilized for segregation analysis, sincghese results since those deleterious alleles could
the others were very complicated to analyze. Thie eliminated favoring this type. Linkage between
GOT-Ais controlled by one locus with two alleles. gene markers and deleterious alleles was described
Although A, was not detected in homozygousby Furnier et al. (1986) and Strauss and Conkle
form, the three analyzed trees did not showl1986) as a reason for segregation distortion.
segregation deviation for bothG total Recessive deleterious alleles linked with gene
(D Giyponesss ) Neterogeneity X' G, .oy ) @nd  markers are 'normally frgquent in tree specﬁes of
pooled segregation hypothesis l:EGMpooled)' (irgogsg)ed pollination (Willians and Savolainen,
These results allowed considering that this zongpe tHree heterozygous tre@sB; at PGI-B locus,
was controlled by a codominant locus (Table 4). ghowed regular segregation for bdB and Bs

The segregation analysis frd_m a_nd B, aIIeIe_s in alleles. The genotypeB,B,, BB, and B,B, were
PGI-B locus showed significant deviation gpserved for just one tree. The segregatiorBfor

segregation for all the tests performed. Thesgnhq B, alleles was according to expected ratio
results could be attributed to high deviations fronlG )
1:1 pooled

C51 progeny.
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Table 4 -Test for hypothesis of regular segregatiGh ¢f isozyme markers ih paraguariensis.

Z Ghypothesikl

Z Ghele rogerigy

z G];l pooled

Locus Maternal Case Number : + : Trees with
genotype ZNJ 'BN‘ ") sz 'ZNJK GL=n GL=n-1 GL=1 unbalanced
of trees ) allele ratios
GOT-A AA; a 3 46:43 - 0.30 0.20 0.10
PGI-B BB, a 10 106:133 14:43 56.12 ** 37.81 **18.31* 1
b 9 105:131 13:18 28.55 24.87 3.68
B1Bs a 1 10:9 5.6 - - 0.90
BB, a 1 2:3 18:7 - - 13.33 ** 1
B.B; a 3 37:40 6:7 7.19 7.07 * 0.12
BB, a 1 0:12 17:0 - - 40.20 ** 1
6-PGDH-A AA: a 11 79:194 - 77.92 *x 27.93 * 49,99** 8
b 3 34:40 6.27 5.79 0.49
6-PGDH-B BB; a 1 16:14 - - 0.13
G-6PDH-A AA; a 11 111:212 42.39 il 10.28 32.12* 6
b 5 63:83 3.27 0.52 2.75

N; andN;+N; numbers observed of heterozygous and homozygausygess, respectively.
a includes all heterozygous trees at the givenslocu
b excludes the trees with segregation distortidhatlocus. (**)P<0.010; (*)P<0.050.

However, there was segregation deviation for th&-6PDH-A locus showed segregation distortion
two last progeniesB;B, and B,B,) (Table 4). The for both tests: total ZG ) and pooled
progeny of heterozygous mother tre®;R,) _ . _
revealed an excess of genotyyie(15 plants3,B, segregation 1:1 G:L’lpooled)' Individual segregation
and threeB;B;, among 30 plants). The progenydeviation was detected for six progenies: two at
T54 B:B,4) showed an excess Bf allele. From 30 5% significance level and four at 1% significance
analyzed genotypes, 12 were homozygdssB4 level. When the progeny with deviation were
and 16 heterozygousB{B,) (see Table 5). The excluded, the segregation ratio 1:1 was established
segregation distortion for both genotypes wagTable 5). Segregation deviation for some trees
allele-dependent and in this case disfavoringallelwas consequence of homozygous excess; however,
Bs. The more frequent allele 8&GI-B locus was it was not allele-dependent. Th& allele was
B,, followed by B;. According to Sousa (2000), favored in five progenies whilé, only in one
segregation distortion can also be attributed tprogeny (Table 5). The reason for this unbalanced
selective advantage from the most frequent allelealue could be attributed to a null allele or
at locus. sampling problem for this system. Cheliak and
6-PGDH-A showed significant (1% level) Pitel (1985) described a null allele &PGDH
segregation deviation (Table 4) as consequence géne loci inLarix laricina.
heterozygous excess. Eight samples showdd the present work, segregation distortion at some
segregation deviations, where two of them weréoci was observed for a few individual trees. When
statistically significant at 0.1% level, one at 1%these trees were excluded, the segregation was
level and five at 5% level (Table 5). However, theaccording to expected, as observed Gh test
data were adjusted to expected ratio when thealized G total, G pooled and G
progenies with deviation were excluded. Theneterogeneity). Therefore, the analyzed loci were
observed homozygotes excess for many trees, genetically controlled and segregating according to
particular in relation té\,A; type, suggested a null mendelian ratio (1:1).
allele segregating at this locus. The alleleany authors described the segregation distortion
segregation foB, and B,, from 6-PGDH-Bwas  for a few species in individual trees: Ying and
regular for just one analyzed progeny (Table 4)vorgenstern (1990) folLarix laricina; Murillo
Segregation distortion has been reported by mamyhd  Hattemer (1997) forAlnus acuminata
authors such as Cheliak et al. (1984); Strauss afgnkeldey et al. (1998) foPterocarpus indicus
Conkle (1986); Sousa et al. (2002). Konnert et al. (2001) fohcer pseudoplanatusnd
Sousa et al. (2002) férraucaria angustifolia

hypothesigl
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Table 5 - Trees ofl. paraguariensisshowing deviation of segregation from the expeded ratio, for different
enzyme loci.

Enzyme Maternal Sample Observed segregation X2 (A) X’ (B)
loci/Tree genotype size N, N, N, N. N, N,*N, =N, N, =N,
PGI-B

C51 BB, 28 1 1 1 25 0.00 2215
T67 B.B4 30 2 1 2 18 7 0.20 4.84 *
T54 B2B4 29 12 0 0 17 0 12.00  ** 17.00 **
6-PGDH-A

S36 AA, 27 4 15 8 - - 4.48 *

CM39 AA, 23 3 19 1 - - 19.17  *+*

CMm44 AA, 27 4 16 7 - - 6.26 *

C51 AA, 25 0 21 4 - - 11.56  ***

T52 AA 21 3 12 6 - - 3.86 *

T67 AA 26 6 13 7 - - 5.54 *

T75 AA 28 7 15 6 - - 9.14 *x

T78 AA 22 4 12 6 - - 4.72 *
G-6PDH-A

CM34 AA, 30 19 4 7 - - 9.63 o

S36 AA, 30 20 2 8 - - 7.50 x

C42 AA, 29 7 13 9 - - 4.97 *

T66 AA, 30 14 7 9 - - 5.63 *

T75 AA; 28 11 10 7 - - 8.04 o

T80 AA 30 18 4 8 7.50 *x

(*%) P<0.001; (**) P<0.010; (*)P <0.050.

Linkage analysis

loci  simultaneously.

From

ten

possibledisequilibrium as

GOT-A:6-PGDH-A and PGI-B:G-6PDH-A (see
Linkage disequilibrium was not performed for all Table 6). These results suggested that the observed
the combinations in the five observed loci, sincalisequilibrium was not a consequence of physical
only few mother trees were heterozygous for manjinkage between loci, but it was due to gametic

result of selection.

If the

combination pairs, only six were analyzed indisequilibrium resulted from physical linkage, all
relation to segregation independence of loci (Tablthe analyzed trees should show absence of
independent segregation between alleles and loci.
Only three trees showed significant deviation froniLinkage disequilibrium was identified throughout

6).

independent segregation hypothesis: CM3OT-
A:6-PGDH-A, T52 GOT-A:PGI-B and C66 combination GOT-A:PGI-B

chi-square

test at

1%

level
However, the

only for the

(PGI-B:G-6PDH-A. Although these loci seemed observed value was based in one progeny only. To
physically linked,
disequilibrium of Burrows ,Z\ij) showed a weak between alleles, other studies involving more

linkage, considering the value range observed
0.25 a 0.25). The more expressive measure
disequilibrium

linkage

6).

the

&),

statistically

rogenies

I

would

be

necessary.
isequilibrium between lociGOT-A:PGI-B was
served inPinus taedaby Adams and Joly

low value of linkage be sure about the strong dependency relationships

Linkage

(1980). However, the authors could not attest if
significant at 5% level, was observed for tree T6@hese loci were in the same chromosome. Linkage
between the lodPGI-B:G-6PDH-A(0.131) (Table disequilibrium for GOT-A:6-PGDH-Aand PGI-

B:G-6PDH-A combination has not yet been
The disequilibrium was significant at 5% level,described for tree species.

just for one single tree in two loci combinations:
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Table 6 - Burrows values for gametic disequilibriurﬁ\ij() and chi-square teskq) for independent segregation
hypothesis for different isozyme loci pairsloparaguariensis

Locus combination/Trees A i X2
6-PGDH-A: G-6PDH-A
S36 0.009 0.04
CM39 -0.082 2.68
T67 -0.035 0.34
T75 0.033 0.21
GOT-A:6-PGDH-A
CM39 -0.058 4.39 *
T52 0.017 0.18
PGI-B:6-PGDH-A
S36 0.018 0.21
C51 -0.006 0.20
T52 0.024 0.68
T78 0.056 1.15
GOT-A:G-6PDH-A
CM39 -0.064 3.63
GOT-A:PGI-B
T52 0.057 305.09 il
PGI-B:G-6PDH-A
S36 -0.043 2.06
C42 0.042 0.57
T66 0.131 5.88 *
T78 -0.030 0.57

(*) P< 0.050; (**) P<0.001.

Exclusion of a locus from each linkage pair allowsRESUMO
breaking the association between them and can be
used to study breeding system and paternitpezoito sistemas enzimaticos foram analisados em
analysis. Linkage disequilibrium measure ofilex paraguariensisytilizando eletroforese em gel
Burrows indicated that the linkage was probablyle amido. Sete dos 12 sistemas que apresentaram
weak and, therefore, the multilocus parameteratividade enzimatica revelaram um ou mais locos
must not be affected. Linkage disequilibrium wasyolimérficos (PGI, GOT, MR, G-6PDH, MDH,
not observed for combination between Ioci;NDH e 6-PGDH). Entretanto, as andlises de
therefore, the alleles from different loci were notsegregacdo e desequilibrio de ligagdo foram
linked and segregate randomly. realizadas somente nos sistemas PGI, GOT, G-
Inheritance and relationships studies indicated thePDH e 6-PGDH. A segregacdo destes locos foi
loci GOT, PGI, 6-PGDH and G-6PDH could be regular, exceto para algumas arvores, que
useful as genetic marker in population genetics afpresentaram distorcdes de segregacdo. Foram
llex paraguariensispecies. detectados indicios de desequilibrio de ligacdo
entre alguns locos, mas que nao devem influenciar
as estimativas multilocos.
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