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ABSTRACT: The inheritance of four floral polymorphisms -and 10 isozyme loci are investi-
gated in diploid plants (2n = 10) of the distylous perennial weed, Turnera ulmifolia L.
(Turneraceae). The four floral polymorphisms are each governed by a single gene locus
that exhibits dominance. Three of the four floral polymorphisms are linked, including style
form, petal spot, and anther line. Starch gel electrophoresis was undertaken and nine
enzymes were assayed. A total of 10 isozyme loci segregating in three selfed families was
investigated. All showed codominant expression of Alleles. Linkage relationships among
floral and isozyme loci were determined and three linkage groups were identified. Linkage
group | consisted of petal spot, style form, anther line, Pgm-c, Aco-1, and Pgd-c loci.
Linkage group [l contained Gpi-c, Lap-1, and Sdh-1. A third linkage group consisted of
Gdh-1 and Lap-2. The study is the first examination of isozyme variation in the dicotyle-

donous family Turneraceae..

TURNERA ULMIFOLIA L. (Turneraceae) is a

_polymorphic polyploid complex of perennial

weeds native to the Neotropics but intro-
duced to various parts of tropical Asia and
Africa?. As part of a study of the systematics
and evolution of the complex, we have inves-
tigated the inheritance of four floral and 10
isozyme polymorphisms. Isozyme variation
in the complex is being used to assess rela-
tionships among populations and taxa of con-
trasting ploidal level (2x, 4x, 6x) and to
quantify the mating system of populations.
Diploid and tetraploid populations are uni-
formly distylous and self-incompatible;
hexaploid populations are homostylous and
self-compatible®®. Analysis of the inheri-
tance of floral traits is associated with our
investigations of distyly in the complex.

Materials and Methods

Plants used in this study were obtained
from seed or stem cuttings collected from
three sites in South America (population 11
from Barreirinhas, Brazil; I3 from Caracas,
Venczuela; 132 from Arco Verde, Brazil).
Further details of the reproductive biology of
populations I1 and I3 are available?. All
plants studied were diploid (2» = 10) and
distylous. Methods employed for controlled
pollinations and the culture of plants are de-
tailed elsewhere®®. The floral polymor-
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phisms investigated were: style form (long-
style versus short-style), petal spot (present
versus absent), flower color (yellow versus
white), and anther line (presence or absence
of paired purple lateral lines on the abaxial
surface of the anthers). Polymorphisms in
the following enzymes were examined: gluta-
mate oxaloacetate transaminase (GOT), es-
terase (EST), glutamate dehydrogenase
(GDH), leucine aminopeptidase (LAP),
phosphoglucomutase (PGM), aconitase
(ACO), glucosephosphate isomerase (GPI),
6-phosphogluconate dehydrogenase (PGD),
and shikimate dehydrogenase (SDH). »
The inheritance of the four floral polymor-
phisms was assessed using several crosses.
Linkage relationships among style form,
flower color, and the petal spot polymor- -
phisms were determined using an individual
(I311-26) putatively heterozygous at all
three loci, obtained by the cross I3-3 X 11-10
(see Shore and Barrett? for details of plant
designation codes). This individual was
backcrossed reciprocally to a plant putatively
homozygous for all three genes (I3-4). To
determine the linkage relationships among
style form, petal spot, and anther line poly-
morphisms, three plants, B, G, and P, puta-
tively heterozygous for the three genes were
self-pollinated to produce F, families. These
plants were originally obtained from the F;
crosses 11-10 X 132-1, 11-1 X I32-2 and I32-



2% 11-1, reépectively. These plants were spe-

cifically chosen as they carried genes deter-

mining self-compatibility!® and this allowed

‘seed to be obtained upon self-pollination, an
unusual occurrence in' this strongly self-m-
compatible variety?3.

- All progenies were scored.for ﬂoral pheno- ,

‘ type The anther line polymorphism was not
detected ‘until the progenies from the cross
1311-26 X 14 (and reciprocal) were discarded

. and hence no information is available on the

polymorphism from this:cross. All ratios ob-
_ tained were tested against single locus Men-

delian expectations using the G statistict!,
All possible pairs of floral ‘polymorphisms
were tested for independent assortment.
Where deviations were detected, recombina-
tion frequencies were estimated. Maximum
likelihood estimates of recombination fre-

undertakenina refrig‘érator at-4°C. The first

-two gel systems'were run at 55 ma for 5 hours
and the third at 50 ma for 6 hours. Enzyme.

assays were performed in the dark at 37°C
with the exception of the esterase assay that

was stained at room temperature. Putative.

locus designations were made, with the fast-
est migrating zones (most anodal) assigned

the lowest locus number. For example, Got-1-

represents the most anodal zone 'of activity

for that enzyme. Where evidence of the sub-

cellular Tocalization of a particular isozyme
was obtained, the suffix “p” is used to indi-

. cate plastid specific isozymes and “¢” for

cytosolic. With the exception: of those loci

- evaligted in this study, all other loci implied
by the nomenclature are tentative. Alleles

quencies, their standard errors, and hetero- - -

. geneity tests were calculated following Al-
‘lardl.
The F, progenies of plants B, G, and P
“exhibited several enzyme polymorphisms
and the inheritance and linkage relationships
of these were determined using these fam-

ilies. Liquid extracts of the gynoecium and

anthers of mature flowers were obtained by
grinding the material on ice in 0.15 ml. of
0.05M Na,HPO, containing 0.15 mg di-
thiothreitol and 10 mg polyvinylpolypyrroli-

_ done. These tissues were used as they yielded
high activity for many enzymes. Extracts .

were absorbed in wicks cut from Whatman
no. 3-chromatography paper. The wicks were

placed in a cut 3.2 cm from the cathodal end

of 2 15.2.em X 23.0 cm X 1.0 cm gel slab.
Nine enzymes were assayed. Assays for

" GOT, EST, GDH, PGM, GPI, and PGD

- followed Cardy et al.3. The assay for LAP

- was obtained from Scandalios® and those for
ACO and SDH were obtained from Soltis et
* al.!2, To obtain information on the subcellu-
lar localization of  isozymes, a procedure
mOdlfled from Weeden and Gottlieb!> was

used. Gels were run that contained pollen’

soaked for four hours in'the extraction buffer

(above), pollen soaked for four hours in the

extraction buffer mcludmg 1 percent Triton
X-100, and crushed gynoécium tissue and

anthers (above). Adjacent samples of cach -

treatment obtained from the same plant were
STun.

~ The buffer system used for various assays-
" . are as follows: system 0 of Shields et al.” was |
used for GOT, GDH, and GPI; the system

described by Scandaliosé was used for EST
and LAP; and system D of Cardy et al.? was

used for PGM, ACO, PGD, and SDH. For
all buffer systems, the starch concentration -
-was 11 percent and gels were poured the day '

before they were run. Electrophoresis was -

vcoding for the allozymes were referred to as
Ffor most anodal and S for most cathodal as
hot more than two. homiozygous classes were

" detected for any enzyme locus examined.

Loci from the three F, families were tested

" against 1:2:1 Mendelian expectations and,
where data from more than one family were
available, heterogeneity tests were per-
formed. To examine linkage among the floral
“traits and enzyme polymorphisms, all possi-
ble locus pairs were tested for independent
assortment. Where deviations occurred, re-
combination frequencies (r), standard errors
and, where applicable, heterogeneity statis-
ties were calculated as above. Linkage rela-
tionships among enzyme loci were evaluated:
in a similar manner after testing against a

‘ Table L Observed smgle-locus numbers of phenofypes for four floral traits and goodness-of-ﬁt

tests to Méndelian expectations
Locus Cross Phenotypes Deviation (G)
132-1 self CH9 .33 024
"B self 32 . 12 0.12
G self 23 : 8 0.01
S P oself © 30 - 242
Style form 13-3 self 52 21 0.54
13-24 self 13 5. 0.07
11-2 X I1-10 18 .26 1.46 -
13-3 X I3-4 23 16 1.26
1311-26 X 13-4 62 59 0.07 -
13-4 X I311-26" 41 13 15.25%++
- 132-1 self 142 0. e
B self 0. 14 © 103
G self 25_ . - 6 0.56
P self 26 B 9 © 2001
Petal spot - 3-3 self | R - —
‘ 13-24 self- 0 8 o~
11-2 % 11-10 - 28 - 16 R %
13-3 X 13-4 o - 39—
1311-26 X 13-4 60 61 0.01 o
13-4 X 1311-26 - 13 B B 15.25%%%
132-1 self - | 142 : —
‘B self . 33 ' 11 0.00
.G self 23 B 0.0
SR P . self 31.: 4 4,05%
Anther line 133 self 0 - 73 —
» ! 13-24 self. 0 18 ' —
- 11-2 X 1= 10 44 Co 0 . —
11-3 X 114 0 3 s : —
; 31126 X 13-4 — — —
13-4 X 131126 - — —_ —
I3-3  self B 73 ——
» 13-24 self - 12 6 0.63
Flower color? - 3-3x13-4 . . 0 39 e
‘ ’ 1311-26 X 13-4 - 54 67T - T 140
13-4 X 1311-26 19 35 4,81*

t All other famxlles gave yellow flowers '* P < 0. 05 #4k P < (), 001
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1:2:1:2:4:2:1:2:1 ratio for independent as-

sortment.

Results and Discussion

Inheritance of floral polymorphisms

Progeny could be scored unambiguously
for all of the floral polymorphisms. The style
length polymorphism is controlled by a single
locus with the short-styled form heterozy-
gous (Ss) and the long-styled form homozy-
gous (ss) (Table I). A more detailed consid-
eration of the inheritance of distyly in T.
wlmifolia may be found in Shore and Bar-
rett®. The petal spot is governed by a single
locus with the allele determining the pres-
ence of a spot dominant to the unspotted

Venezuela) and represent a wide intraspecif-
ic cross. Curiously, Mendelian ratios were
obtained for -the reciprocal cross that in-

volved using the hybrid individual as the pis-.

tillate parent and -applying nonsegregating
polien from individual 13-4, For the original
cross (using 1311-26 as a pollen parent and
13-4 as the pistillate parent), more progeny
were obtained that carried alleles derived
from population 13. Thus, an excess of alleles
determining white flower color, absence of
petal spot, and short style form were ob-
served. The style of individual 13-4 may have
selectively favored pollen grains carrying al-
leles derived from population 13, suggesting

“that gametophytic competition may have oc-

curred, or zygotes not carrying these
alleles are selectively aborted.

Tests for independent assortment revealed
that the style form, petal spot, and anther
line loci are all linked. Linkage estimates are
provided in Table III. Tt is not clear why
three of the four floral polymorphisms should
be linked. However, since the style form
polymorphism is maintained by disassorta- k
tive mating; mutations of genes linked to the

“style form locus might be maintained by

hitchhiking. Linkagé estimates were homo-
geneous among progenies with the exception
of the linkage estimate for the locus pair,
style form-anther line. This was heteroge-
neous among the families with the repulsion
phase family of plant B showing a higher
recombination frequency than the other two
families. Should recombination frequencies

differ between pollen and megaspore mother
condition. The anther line pelymorphism is )
controlled by one locus with the dominant
allele determining the presence of paired lat-
eral lines on the anthers. The alternatives,
yellow vs. white flower color, are determined
by one locus with the allele determining yel-

Table I Observed two-locus numbers, recombination frequencies (1), standard errors (SE), and
heterogeneity tests for floral traits showing deviation from independent assortment,

r:l:SE

low dominant to that determining white (Ta- Locus

ble ). ‘ , ‘pair Cross Genotypes (hetero)
Most crosses met Mendelian expectations. So. P S- P

However, a single F, family of individual P B self 2:8 ’ f P 55 . Ssigp

showed a dcv1at_10n from the 3':1 cxpecftatlon Style, G sdf 21 9 p 0 0.10 & 0.02

for the anther line polymorphism. This may spot P self 17 6 3 0 0.79)

represent sampling error. A more marked 1311-26 X 13-4 6 56 54 5

deviation is apparent in the backeross 13-4 X S-, La- S-, lala ss, La- ss, lala

1311-26 for the three floral polymorphisms ‘B self 23 9 10 2

examined. The cross showing these marked Style, G self 23 0 0 8 0.08 £ 0.03

deviations was excluded from linkage ana- anther P self 30 0 1 4 (55.86)*

lyses. The hybrid individual I311-26 was gen-. P-,La- - P-/lala  pp, La-  pp,lala

erated to obtain an individual heterozygous = B self 21 9 12 2

for the three floral polymorphisms (Table SPoL G self 17 & 6 0 0.29 4 0.09

IT). The parents involved were taken from anther P self 2 4 2 0 (1'29)

geographically distant localities (Brazil and ~ * P <0.001

Table IL. - Multi-locus phenotypes and genotypes of parental and hybrid Turaera ulmifolia individuals used in the study

Style form  Petal sf)ot

Plant Anther line Flower color - Got!  Estl ~ Gdhl - Lapl Lap2 Pgmc Aeol Gpic Pgdc Sdhl
I1-1 short (Ss)  absent (pp) present (LaLa) yellow (YY) ss SS SS FF SS FS FF FS SS AY
I1-2 short (Ss) absent (pp)  present (Lala) yellow (YY) — — — — — — — — — —
11-10 long (ss) present (Pp) present(LaLa) yellow (YY) SS FS FS FF FS SS FF FF_ SS§ SS
132-1 short (S5) present (PP) absent (lala) yellow (YY) FS sS SS FS FF FS FS FF FS FS
[32-2% long (ss) present (PP) absent (lala)  yellow (YY) FS SS AV SS FF FS FF FF SS FS
Bt short (Ss) ~ present (Pp) - present (Lala)  'yellow (YT) S§ FS FS FF. = FS SS FS FF FS SS
Gt short (Ss) - present (Pp) present (Lala)  yellow (YY)  FS SS SS Fs  FS FS FF FS SS ES
P short (Ss) present (Pp) present (Lala)  yellow (YY) - FES SS SS FS ES FS FF FF SS FS

133 short (Ss) ~ absent (pp) absent (lala)  white () — - = — — — — — — —
13-4 long (ss) absent (pp) absent (lala) white (yy) — — — — — — —_ — -— -
13-24 short (Ss) - absent (pp) = absent (lala) yellow (¥y) — — — — — — — — — -
1311-26%F  short (Ss) present (Pp) present (Lala) ~ yellow (¥Yy) — — — — — — _— = — —

* Derived from self of 132-1

* Derived from the cross I1-10 X 132-1

1 Derived from the cross T1-1 X I32-2

§ Derived from the cross 132-2 X 11-1
1 Derived from the cross 13-3 X 11-10
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Table IV. Observed single-locus numbers of genotypes for 10 enzyme loci, goodness-of-fit tests toa  cells, heterogeneous recombination frequen-

1:2:1 ratio, and heterogeneity tests for selfed progeny arrays of parental heterozygotes ‘cies are expected among coupling and repul-
— Son tacd roge-
; ; Genotypes Deviation. - _ sion progenies®. Howeve;, kno sucfh heteroge
Enzyme locus Self FF FS . 8S (G) Heterogeneity neity was observed for linkage of style form
‘ : and petal spot, for which repulsion and cou-
Got-1 ‘ G 7 16 8 ©.001 ‘ pling progenies were also available. Addi-
: p 9 15 1 0.94 . 032 tionally, the F, family derived from plant B
Total 16 31 19 0.52

showed higher (although nonsignificant) re-

gf;,;l 7 g S ig ig ; ;ig : _ combination frequencies for all pairs of loci.
Lap-1 G 10 16 5 1.65 C :
P 10 17 8 0.26 . 048 Inheritance of enzyme loci
) - Total 20 33 . 13 . 1.48 . : A
 Lap-2 B 5 24 15 491 , ~ .7 Table Il provides the muitilocus genotypes
G ‘9 16 6 06l . v of the parental and hybrid individuals in-
P10 20 5 214 7.33 . volved in the analysis of the inheritance of
’ + Total 24 60 26 098 '~ isozymes. Tests for each of the 10 putative
Pgm-c G 6 16 9 - 0s6l : N loci against expected 1:2:1 ratios are provid-
‘ P 10 21 4 3.46° . 3.37 ed in Table IV. All expectations are met with
Total 16 37 13 . 1.28 - - the excenti f Ped- hich sh defi-
Aco-1 B 1. 23 6 2.15 ) - t'e exception of Pgd-c, which shows a deit
Gpi-c G 5 15 1 235 o ciency of FF homozygotes fqr th? small sam-
Pgd-c B 4 15 14 6.33% - ple evaluated. Thus, in total, 10 isozyme loci
Sdh-1 G 5 18 8 139 - C are segregating.
P 6 19 10 1.17 0.10 Linkage relationships: among loci are pro-
Total 11 37 18 2.68 , vided in Tables ITL, V, and VI. While sample
*P <005 j sizes are small, several loci exhibit tight link-

ages, showing only few recombinant individ-

vals. There is evidence for three linkage

groups. A linkage group containing the loci

. , - governing petal spot, style form, anther line,

Table V. Observed two-locus numbers, recombination freqixencies (v), standard errors (SE), and Pgm-c, Aco-1, and Pgd-c occurs. The order

heterogeneity tests for morph?logical and isozyme locus pairs where a significant deviation from in which the loci should be arranged is not
independent assortment was detected clear. Different arrangements are suggested ’

: r+SE from families of B versus G and P. A second
Locus Hybrid D*-,FF D-,FS D-,SS dd,FF dd,FS dd,SS ' (hetero) linkage group, arranged as follows, Gpi-c,
i : Lap-1, and Sdh-1, is apparent. A third link-
Style, Pgm-c ch g 16 1 0 0 8 0.03 £ 0.02 age group consisting of Gdh~1 and Lap-2
Style, Aco-1 B 10 gg (6) ' 1(1) i g 0.0(20::)10);02 also occurs. No linkage relationships among
Style, Pgd-¢ B 4 15 4 0 0 10 0.10 + 0.06 the loci Got-1 and Est-1 were detected.

Spot, Pgm-c G 0 16 9 6 0 0 0.01£001 This study reports-on the inheritance of
' P 1 21 4 9 0 o 0.71) floral and isozyme loci in diploid (27 = 10)

Spot, Aco-1 B 2 18 6 9 5 0 - 0.16+006  plantsofthe Turnera ulmifolia complexand
Spot, Pgd-c B 4 15 0 0 0 14 0.02+0.03 provides the first electrophoretic results on a
Anther, Pgm-c G 6 16 1 0 0 8  0.01%001  member of the Turneraceae. Although sam-
: P 10 21 0 0 0 12 (1.46) ple sizes were small, several tight linkage
Anthier, Aco-1 B 9 2l 1 2 2 5 020007 . rejationships were found among the loci ex-
Anther, Pgd-c B ! 15 12 3 0 2 0.21 % 0.08 amined. The species complex has a low base
* D indicates the dominant phenotype and dd the recessive . _ number®, x =5, and chiasma frequencies of

Table VI.  Observed two-locus numbers, recombinatxon frequencles (n), standard errors (SE), and heterogenelty tests for isozyme pams showing a
ificant deviation from independent assortment

Locus ) ) Genotype i r+SE

pair Family  FF,FF _ FF,FS _ FF,8S  FS,FF_ FS,FS 75,88 SS,FF SS,FS  8S,SS (hetero)
Lap-1, Sdh-1 G 0 0 10 0 15 1 5 0 0 0.05 + 0.02
P 0 1 9 1 15 1 5 3- 0 (3.26)
Lap-1, Gpi-¢ G 0 0 10 0 15 1 5 0 0 0.02 + 0.02
Gpi-c, Sdh-1 G 5 0 0 0 14 1 0 4 7 . 0.08+004
Aco-1, Pgd-c B 0 0 9 1 15 5 3 0 0 0.10 & 0.04
Gdh-1, Lap-2 B 0 1 15 0 23 0 5. 0 0 0.01 + 0.01
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Jess than two chiasmata per bivalent (Shofe'

and Barrett, unpub. data) increase the likeli-

hood of detecting linkage among loci. The =

"ease with which T. ulmifolia can be cultured

and crossed®® and the demonstrated pres--

ence of easily scored genetic markers make
the plant suitable for expcrlmental studies in
systematics and genetics.
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