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BREEDING & GENETICS

Linkage Analysis of Transgenes Inserted into Cotton
via Agrobacterium tumefacien3ransformation

Russell J. Kohel,* Jerry E. Quisenberry, Greg Cartwright, and John Yu

INTERPRETIVE SUMMARY Their F,, F,, and backcross/testcross progeny were
produced and evaluated for segregation of resistance

Linkage analysis was conducted between 2,4-Dio 2,4-D and the marker loci. Linkage was found
transgenes and 14 marker genes. Linkage was fourfgftween 2,4-D resistance and the naked seed-1
between 2,4-D resistance and the naked seed—golrphmog'cal marker (18-37 cM), for both lines.
morphological marker (20-30 cM). Only two-point nly two-point linkage tests were possible, so the
. . . . orientation on the chromosome with respect to the
linkage tests were possible, so the orientation onthe,er could not be determined. Tests with
chromosome with respect to the marker could not b&neuploid stocks deficient for the short arm of
determined. Tests with aneuploid stocks deﬁCientforchromosome 12 placed the gene in the long arm of
the short arm of chromosome 12 placed the gene ighromosome 12.
the long arm of chromosome 12.

Knowledge of the location of the inserted gene =g~ransformation of cotton byAgrobacterium
would provide the opportunity to develop germplasm 1 tumefaciensnediated transformation is a
and strategies to maximize the efficiency of documentedtechnology incotton (Firoozabady etal.,
developing improved germplasm. Transformationis1987; Umbeck et al., 1987), as it is in other dicots
considered to be arandom event, with each inserte(Assaad and Signer, 1992; Matzke et al., 1993;
gene at a unique location. So, each transgeniMisra, 1990; Misra and Gedamu, 1989; Puonti-
germline is the result of a separate insertion eventKaerlas etal., 1992; Scheid etal., 1991). Transgenes
and the location of the insertion in the genome couldcan be inserted as single events, are stable, and
represent different degrees of success in attempts aegregate with Mendelian expectations. Multiple
backcross improvement, depending on associatethsertion events occur, and they can result in
linkages. unexpected interactions of gene expression (Scheid

et al., 1991). Even unusual interactions can occur
ABSTRACT between single insertion events at separate sites when
recombined sexually (Matzke et al., 1993). The

The location of transgenes inserted into agenome  typical procedure in improved cultivar development
are important in genetic studies and breeding s to select and utilize single-event gene insertions.
programs. We conducted linkage analysis betWt_-:'en Knowledge of the location of the inserted gene
2,4-D resistant transgenes and 14 morphological \yqid provide the opportunity to develop germplasm
marker genes in upland cotton Gossypium hirsutum 4 syategies to maximize the efficiency of
L.). Two separate germlines that exhibited monogenic o .

developing improved germplasm. Transformation is

dominance for resistance to 2,4-D were selected for ) . .
linkage analysis. Multiple marker lines T582 and considered to be a random event, with each inserted

T586 were crossed with the 2,4-D resistant lines. 9€ne at a unique location. So, egch t_ransgenic
germline is the result of a separate insertion event,

and the location of the insertion in the genome could
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MATERIALS AND METHODS associated. All six lines with the gene insertions were
recovered from germlines that originated from
Our study of linkage relations between a geneseparate hypocotyl segments; therefore, they
inserted through transformation and classicalrepresented separate insertion events. It was assumed
morphological markers began with genetic materialthat they would segregate independently.
derived from studies by Bayley et al. (1992). The For the analysis of genetic linkage relations,
cotton in that study was transformed with a bacterialtransgenic lines were crossed with T582, multiple
gene [2,4-D monooxygenas#&fd@)] to provide  recessive marker line, and T586, multiple dominant
resistance to 2,4-D. Then those scientists inserted themarker line.
gene byA. tumefaciensnediated transformation. The T582 line includes the recessive marker loci-
The resulting tissue cultures were selected forvirescent-1y, , L.G. XVIl on chromosome 20; cup
transformed cells, and calli of the transformed tissudeaf, cu , location unknown; glandless-3, ,
were grown, induced to regenerate, and producedbcation unknown; frego bracfg , L.G. VI on
plantlets from each germline. Each transformedchromosome 3; and cluster-g&l; , L.G. Ill on
germline originated from callus produced on separat&chromosome 16.
hypocotyl sections. Plantlets that were verified to  The T586 line includes the dominant marker
contain the T-DNA for resistance to 2,4-D were loci-red plantR, , L.G. lll on chromosome 16; okra
grown, testcrossed to susceptible cottons, and selfieaf, L,°, L.G. |l on chromosome 15; tomentum,
pollinated. Seedlings from the testcrosses and selfT; , L.G. IV on chromosome 6; petal spgj,, L.G.
pollinated seed were screened for resistance to 2,4-Don chromosome 7; yellow polle®, , L.G. Xl on
and segregation of the transgene inserts. chromosome 5; yellow petal¥; , L.G. Xll on an
Bayley et al. (1992) used hypocotyl tissue of unknown A chromosome; brown lititg, , L.G. I on
‘Coker 312' for transformation because it is one ofchromosome 7; green lint,g , L.G. Il on
the few germplasms that has the potential forchromosome 15; and naked seld, L.G. V on
regeneration of plantlets from tissue culture. Cokerchromosome 12 (Endrizzi et al., 1984).
312 does not possess the desirable agronomic traits Segregation and linkage data analyses were
of contemporary cultivars, so transgenic regeneratesonducted with the computer program G-MENDEL
must be backcrossed to desirable cultivars for use ad.iu and Knapp, 1991).
an improved germplasm. Six 2,4-D resistant lines were grown and
The gene for 2,4-D monooxygenase wasevaluated, and the two designattdandOt; were
introduced into cotton (Bayley et al., 1992), and we used in the crosses with the multiple marker lines. A
will refer to these transgenes @§, in this paper. normaltester, RQSX-1, and the two multiple marker
Regenerants that contained the target T-DNA werdines, T582 (recessive) and T586 (dominant) were
grown, crossed to an experimental line, RQSX-1,grown as the normal 2,4-D susceptible lines.
and K seed were obtained. The progeny wereReciprocal Fcrosses were grown for each multiple
screened for 2,4-D resistance segregation, andnarker line: [Qt, x T582); (T582 xOt,); (Oty x
regenerants that segregated as monogeni©for T582); (T582 xOty); (Ot, x T586); (T586 *Ot,);
were retained for further study. (Ot; x T586); (T586 xOt)]; and ks of each [
The 2,4-D resistance trait is expressed as awvere grown. Reciprocal testcrossedf x T586
complete dominant with no apparent difference inand RQSX-1: [(RQSX-1(T586 ©t,)); ((T586 x
expression between one or two doses of the gen®t,)RQSX-1); (RQSX-10t; x T586)); ((T586 x
(Bayley et al., 1992). Six lines with single copy Ot;)RQSX-1)], and reciprocal backcrosseaf x
insertions were included in these experiments. FoulT582 and T582: [(T582(T582 ©®t,)); ((T582 x
lines were used as resistant controls and two wer®t,)T582); (T5820t, x T582)); ((T582 x
included in linkage tests (withOt, and Ot Ot,)T582)] were grown. In some combinations with
designating putatively separate 2,4-D resistant loci)T582 nogl, segregated. The T582 line used in the
to determine whether they were linked to any of theoriginal crosses was uniformly homozygous for all
morphological markers; and if they were, with which loci, except that it was segregating at ¢ihelocus
linkage groups or chromosomes they wereand had likely mutated.
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Table 1. Segregation and analysis of ,F and
backcross/testcross (BC/TC) families from 2,4-D
resistant transgenics Qt,) T crossed with susceptible

cottons.
Segregation 1)
Family Resistant Susceptible X> P>G t
=X (31)
Ot, x T582 44 16  0.09 0.77
T582 xOt, 46 12 057 0.44
Ot, x T586 a4 17 027 061
T586 x O, 46 10 152 0.20
Pooled 180 55 032 057
Heterogeneity (df = 3) 2.14 0.52
F,
Oty x T582 39 16 047 0.49
T582 x Oty 46 9 240 012
. . . . 4 1 . .
Fig. 1. Res.lstant transgenic cotton seedllng,1 left, and .?;682 15(;35 42 2? (1)_82 83?
susceptible control 3 d after a 0.3 g 1* spray Pooled 181 61 0.01 0094
treatment of 2,4-D. Heterogeneity (df = 3) 3.96 0.27
_ _ _ BCYTC* (1:1)
Seeds of each population were germinated inthe 7582 (1582 x0t,) 29 28 0.02 0.90
; ; (T582 xOt,) T582 35 33 006 081
greenhouse in peat peIIe_ts following the normal ROSX.1 (1566 0t 31 6 479 003
procedures of the genetics program at College (1586 xot) RQSX-1 34 36 006 081
Station, TX. Once the seedlings grew to the point ~ Pooled 129 113 1.06 0.30
. . Heterogeneity (df = 3) 3.86 0.27
where the first leaf was expanded, the seedlings wergcsrcs
treated with 2,4-D (Fig. 1). A solution of 0.3 ¢g'L T582 (Ot x T582) 30 25 046 0.50
: : ; (T582 xOt;) T582 42 22 616 0.01
was sprayed on _the seedlings with an atomizer. !n 2 ROSX-1 O x T586) 33 34 001 090
weeks the seedlings were scored for morphological (1586 xOt) RQSX-1 19 24 058 0.44
; } Pooled 124 105 156 0.21
mutants and reaction to 2,4-D. Heterogeneity (df = 3) 5e5 013

At 3 weeks of age the greenhouse growniggele.
seedlings were transplanted to field plots. Plotst G = approximation to Chi Square P > G = probability of
consisted of rows with 0.5 m spacing between plants a greater G value.
within rows and 1.0 m spacing between rows. Fieldthe region missing in the aneuploid would be all
plants were verified for reaction to 2,4-D treatment resistant with no segregation.
and the genetic markers.

Tests were conducted in the greeuse on those RESULTS AND DISCUSSION
materials segregating for only tiat, genes. The
seedlings were treated in the same manner as those Young seedlings in the greenhouse that
seedlings that were to be transplanted to the fieldexpressed the cup leaf and frego bract traits could
except that after scoring for the reaction to 2,4-D thenot be reliably scored for the reaction to 2,4-D
plants were treated again to ensure that there were rtoeatment. The seedlings were all transplanted to the
escapes. Crosses were made betv@tgandOf;, field and the 2,4-D reaction recorded as the plants
and the F progeny were treated with 2,4-D and grew. The reaction to 2,4-D ranged from plants
classified for resistant or susceptible seedlingcompletely misshapen tothose with only a few leaves
response. To test for chromosome location,showing the symptoms. All the plants outgrew the
aneuploid plants of known cytotype were crossed agffects of 2,4-D except for some stunting in the most
female with the transgenic lin€t, andOt;. The K severely damaged plants. Segregation of trend
of these lines were classified for aneuploid vs.backcross families of the two transgenic lines
normal phenotype. These plants were self-pollinatedconformed to the expectations of 2,4-D resistance
and the Fwere treated and classified for reaction to being inherited as a single completely dominant gene
2,4-D. E, progeny from disomic Jfplants or those (Table 1). There were no significant deviations in the
independent of the aneuploid segment segregated iBdividual families, the pooled data, or heterogeneity
resistant to 1 susceptible. Progeny from aneuploidanalyses in theland backcross populations of both
plants in which the inserted segment corresponded teransgenic loci.
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Table 2. Linkage tests of transgenic locidt, and Oty) in F, Table 3. Segregation and analysis of progeny from
and backcross/testcross populations from crosses with telosomics for the long arm of chromosome 12 crossed
T582 and T586 multiple marker cotton lines. with transgenic cottons resistant to 2,4-D (Tel2Lo’s x

ot t Ot )F,'s.
Marker F, Backcross/testcross Segregation ) 2 /o
locus RC%+SEf GSP>G RC%+SE G P>G Crosst Resistant _Susceptible X E1) P

Vi 228+82 003 087 505%09 001 093 (Te"xOyF,

cu 40.7+5.2 3.02 0.22 57.0+34 2.03 0.15 disomic F, 197 62 0.11 0.80-0.70
gl 21.1+83 199 0.16 442:31 091 0.34 aneuploid F, 36 6 2,57  0.10-0.05
fg 26.8+81 351 0.06 57.9+3.6 255 0.11 (Te’xOt,)F,

cly 321+7.8 3.88 005 682x55 15.00 0.00 disomic F, 323 85 3.52  0.10-0.05
R, 47.0+56 492 0.09 528=%21 0.39 0.53 aneuploid F, 36 2 7.89 <0.01
L,° 48.1+56 800 0.02 504%0.8 0.01 093 (Te"xOt)F,

T 36.9+7.8 146 023 568:33 225 0.13 disomic F, 274 63 6.39  0.02-0.01
R, 50.3+6.9 0.61 043 504:08 0.00 0.98 aneuploid F; 381 57 33.56 <0.01
P, 485+7.0 001 0.94 43.9%31 181 0.18 (Te"xOt)F,

Y, 52.1+6.8 043 051 480:12 021 0.65 disomic F, 239 74 0.31  0.70-0.50
Lc, 483+7.1 131 025 541+26 0.84 0.36 aneuploid F, 73 6 12.76 <0.01

Lg 43.9+75 070 040 50.8x1.1 0.01 0.92 t=Td =(Tel2lo), T = (Tel2lo x 3-79).
N, 304+83 264 000 18.0£7.2 57.96 0.00

Ot
v 239+89 006 080 459x277 084 036 locus. Thetwo transformantswere crossedtotestthe
;IU isg : g‘i 8?51’ 8-§Z gg-g * g-gg 8-28 8-?13 co-segregation or recombination between sites. The
fg  234+90 131 025 488+150 006 080 F» (Ot x Ot) was treated with 2,4-D, and all 2132

gl ig-gtg-g g-gg 8-82 gi-gig-gg fj-% 8-23 F, seedlings were resistant to 2,4-D and the 34
X 6 +5. . . T2 . . . .
L,> 522457 484 009 504:080 006 o0go CONtrolswere susceptible (Fig. 1).

T, 442+74 049 048 538+241 0.36 0.55 Crosses were made with monotelodisomic lines
Ei paorly 43 072 AdSrZAL D81 D3 missingthe shortarm of chromosome 12 to establish
Y, 481+71 281 009 448+298 079 037 arm location on chromosome 12. The
LLcl jS'SiZ'E i% 8-% ig-gi-‘?‘é 8-‘112 8-28 monotelodisomic lines Tel2Lo, isogenic with TM 1,
N 367:79 788 001 207:708 4tzs ooo @and Tel2lo x 3-79, th€. barbadensd cross,
1 Ot, and Ot; = populations derived from respective allele. ~ were crossed wit®t, andOt;. The K were scored
¥ RC% + SE = Recombination percent + standard error. for aneuploid vs. wild-type phenotypes, and egch F
§ G = approximation to Chi SquareP > G = probability of  hrogeny was tested for resistance vs. susceptibility to
a greater G value. 2,4-D. Progeny of both the wild-type and aneuploid
The results of the linkage tests contained thephenotype Es progeny segregated for resistance vs.
usual random linkage deviations, but there weresusceptible (Table 3). This result established that
consistent linkages of both transgenic loci with ~ both Ot, and Ot; were located in the long arm of
which was the only marker on chromosome 12chromosome 12.
(Table 2). We hoped that we might find a linkage, With our original observation of linkage in both
but we thought it unlikely to find linkage lines with N,, we reviewed our lab notes on the
associations with both transgenic loci. However, weoriginal regeneration. The records indicate that these
observed segregation that indicated that bothtwo lines originated from separate hypocotyl
insertions were linked td, (18 - 37 cM). The segments, but it is extremely difficult to prove
distances were slightly different, suggesting that theyunequivocally that an experimental error did not
were not at the same site but that the insertion®ccur. We have conducted molecular analyses of
occurred in a narrow region of the chromosome. Thethese lines, but the results have not satisfied critical
data were consistent in that one transgenic locuseview to prove that the lines are different. The
showed apparent tighter linkage whh than the  results presented have identifiedatigene as a new
other; however, the differences were not large andnarker on chromosome 12. It has been established
not statistically significant when data were pooled thatindependent multiple insertions do occur (Bayley
across the two transgenic populations. et al., 1992). Despite our interest in whether there
These data establish linkageQtf andOft; with are preferred sites for gene insertion, and because of
N,. The two-point linkage data cannot distinguish thethe obvious impact on breeding of transgenic cottons,
orientation of the two inserts with respect tolfhe these questions will have to remain for other research
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as we do not have access to transgenic materials tdatzke, M.A., F. Neuhuber, and A.J.M. Matzke. 1993. A

adequately address this question. This report will ~ Varety of epistatic interactions can occur between

have to limit its findings to establishing at least one partially homologous transgene loci brought together by
] sexual crossing. Mol. Gen. Genet. 236:379-386.

new member of the linkage group V on chromosome

12. Misra, S. 1990. Transformation Bfassica napud. with a
‘disarmed' octopine plasmid ofAgrobacterium
tumefaciensMolecular analysis and inheritance of the
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