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ABSTRACT Three genetic loci affecting tumor morphology
lie within pTiA6NC T-DNA: tins, tmr, and tin. Using deletions
and multiple transposon insertions, we constructed tumor-induc-
ing (Ti) plasmids representing every possible double and triple
mutant combination. tins tmr and tms tmr tml mutants did not in-
cite tumors on most plants and produced a very weak response on
a few other hosts but tins tin and tmr tin mutants were virulent.
Thus, either tms' or tmr' alone can promote significant tumor
growth but tml+ by itself is not sufficient. On hosts where tis
mutants induce tumors accompanied by shoot proliferation, ad-
dition of a tmn mutation reduces or eliminates shoot proliferation,
suggesting that tnl+ promotes shoot development. The small calli
incited by tins tmr and tns tmr tin mutants contain agropine, an
indication that these plant cells incorporate T-DNA in the absence
of substantial tumor growth.

During crown gall tumor induction by Agrobacterium tume-
faciens, a specific segment of the tumor-inducing (Ti) plasmid
called the T-DNA integrates into plant nuclear DNA (1-3).
Three genetic loci affecting tumor morphology lie within
pTiA6NC T-DNA: tns, tmr, and tml (4-8). Crown gall tumors
incited on tobacco by strains harboring pTiA6NC appear un-
organized, but tmis mutations incite tumors that have shoots
proliferating from the callus and tmr mutations incite tumors
showing root proliferation (4-8). tml mutations result in abnor-
mally large tumors (5).
Tumor morphologies resulting from tmis and tmr mutations

resemble morphologies ofnontransformed tobacco tissue grown
in vitro on media containing different amounts of auxins and
cytokinins (9). Unlike normal plant tissue, crown gall tumor tis-
sue contains sufficient amounts ofauxins and cytokinins to grow
in vitro on media lacking added phytohormones (10). When host
plants with tumors induced by tmis or tmr mutants are treated
with auxin or cytokinin, respectively, tumor growth is stimu-
lated (7). These data suggest that tms+ and tmr' increase levels
of auxins and cytokinins, respectively, in crown gall tumors.
Based on this hypothesis, mutations in both tns and tmr should
block the increase in both auxin and cytokinin, thereby pre-
venting tumor growth. In this paper, we report the analysis of
the tumor-inducing ability of strains with multiple mutations
in the T region.

MATERIALS AND METHODS
Bacterial Strains and Plasmids. A. tumefaciens strains used

are described in Table 1. Plasmids used are described in Table
2.

Media. AB minimal agar (13) and peptone broth and nutrient
agar (Difco) were used. For selection of drug-resistant Esche-
richia coli, antibiotics were used at the following concentra-

tions: tetracycline, 10 ,g/ml; kanamycin, 25 tkg/ml; ampicillin,
50 gg/ml; gentamicin, 50 ,g/ml. For selection of drug-resis-
tantA. tunefaciens, gentamicin was used at 50 tug/ml, and car-
benicillin and kanamycin were used at 100 ttg/ml.

Transformation. Transformation ofA. tumefaciens (14) and
E. coli (15) with plasmid DNA was carried out essentially as
described.

Bacterial Conjugation. Bacterial matings using E. coli strain
2174 (pPHLJI) as donor and A. tunefaciens strains as recipients
were carried out as described (5).
A Deletion Affecting tins and tmr. Portions of tns and tmr

lie in Hpa I fragment 14 ofpTiA6NC (5). The recombinant plas-
mid pNW34D7, containing pTiA6NC EcoRI fragment 7, was
digested with Hpa I to produce two restriction fragments: Hpa
I fragment 14 and the remainder ofthe original plasmid, which
codes for ampicillin and tetracycline resistance. The Hpa I
digestion products were incubated withT4 DNA ligase and then
transformed into MM294 (F- pro hsdR endA; ref. 16). One am-
picillin/tetracycline-resistant transformant harbored a deriva-
tive ofpNW34D7 (pWR1) having a deletion, del(tms-tmr)2, re-
moving Hpa I fragment 14.

Double Insertion Mutants. We constructed tns tmr, tns tin,
and tmr tml mutants by using the strains and plasmids listed in
Table 1.

Translocation of Mutant Alleles from Cloned T-DNA to Ti
Plasmids. Mutations in cloned T-DNA restriction fragments
were translocated to Ti plasmids by homologous recombination
essentially as described (5, 16). For example, pRK290 deriva-
tives carrying Tn5 insertions (kanamycin resistant) in cloned T-
DNA fragments were transformed into an A. tumefaciens strain
harboring a Ti plasmid with a Tn3 insertion (carbenicillin re-
sistant) and pPH1JI (gentamicin resistant), a plasmid incom-
patiblewith pRK290 (5, 16). We identified gentamicin-sensitive
transformants and reintroduced pPH1JI into these strains by
using 2174(pPH JI) (met- pro-) as conjugal donor. We selected
Met' Pro' transconjugants that retained Tn5 and Tn3 on AB
minimal agar containing gentamicin, kanamycin, and carbeni-
cillin. The incoming pPHLJI excluded the Tn5-containing
pRK290derivative and, usually, the Tn5 had translocated to the
Ti plasmid by homologous recombination. We introduced a
deletion removing Hpa I fragment 14 into a Ti plasmid that had
originally carried a Tn5 insertion in this fragment; in this case,
we screened gentamicin-resistant transconjugants for loss of
Tn5. Strain construction details are in Table 1.
DNA Isolation. Plasmid DNA was isolated from E. coli as

described (17) and centrifuged in cesium chloride/ethidium
bromide density gradients. Total A. tumefaciens DNA was iso-
lated as described (18).

Restriction Endonuclease Digestion and Ligation. Restric-
tion endonucleases were supplied by Bethesda Research Lab-

Abbreviation: Ti plasmid, tumor-inducing plasmid.
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Table 1. A. tumefaciens strains used
Strain tns tmr tmi Derivation
A136* - - Ref 11
328t 328::Tn5 + + Ref 5
334t + + + Ref. 5; Hpa I fragment 14::Tn5
338t + 338::Tn5 + Ref. 5
A348t + + + Ref 5
358t + + 358::Tn5 Ref. 5
393t 393::Tn3 + + Ref. 5
A1079§ + 25::IS661 + Ref. 4
A3000t§ 328::Tn5 25::IS661 + KmR GMR trans of

2174 (pPH1JI) x A3003
A3004t del2 del2 + GmR KmS Cbs tras

of 2174 (pPH1JI) x A3002
A3017t 393::Tn3 + 358::Tn5 KmR CbR GmR trans

of 2174 (pPHlJI) x A3008
A3019t 393: :Tn3 338: :Tn5 + KMR CbR GmR trans

of 2174 (pPH1JI) x A3012
A3025t del2 del2 358: :Tn5 KMR GmR trans of

2174 (pPH1JI) x A3016
A3044t§ + 25: :IS661 358: :Tn5 KMR GmR trans of

2174 (pPHlJI) x A3035
A30t 393: :Tn3 + + KMRGMR recombinantl

337: :Tn5

R indicates resistance and S indicates sensitivity to carbenicillin (Cb), gentamicin (Gm), or kanamycin
(Kin). Trans indicates Met+Pro+ transconjugant produced by using E. coli strain 2174 (pPH1JI)
(nwr-pro&Gin ref. 12) as donor and one of the following A. tumefaciens strains as recipient: A3002, a
CbR Gms pWR1 transformant of 334; A3003, a KMR pDG289 transformant of A1079; A3008, a KmR CbR
Gms pDG83 trmnsforiant of 393; A3012, a KmR Cb" Gm5 DDG85 tansformant of 393; A3016, a Kin
CbR Gm" pDG83 transformant of A3004; A3035, a KMR CbW pDG83 transfornant of A1079. Plasmids
pDG83(Kin CbR), pDG84(KMR CbR), pDG85(KmR CbR), pDG289 (KmR), and pWRl (CbR) are described
in Table 2. Strains harbor derivatives of pTiA6NC unless otherwise indicated.
*This strain does not harbor a Ti plasnid.
tStrain harboring pPH1JI.
*Strain harboring wild-type pTiA6NC.
0Strain harboring a derivative of p1iB6806.
IFormerly called onc-25 (4).
IlForned after transformation of 393 with pDG84.

oratories and T4 DNA ligase was supplied by New England
BioLabs. They were used under the reaction conditions spec-
ified in the New England BioLabs catalog (1979). The restriction
endonucleases were inactivated by incubation at 65°C for 10
min prior to ligation.

Agarose Gel Electrophoresis. Horizontal agarose slab gels
(1.0%) were formed using Tris/EDTA/borate buffer (4).
DNA Blotting and Filter Hybridizations. After agarose gel

electrophoresis, DNA restriction fragments were eluted onto
nitrocellulose filters essentially as described (19). Radioactive
DNA fragments were hybridized to the nitrocellulose-bound
DNA under conditions based on the procedure of Wahl et aL
(20) as modified by Gillen et aL (21). DNA was labeled with

[a-32P]dATP, [a-32P]dCTP, and [a-32P]dTTP (each, 300 Ci/
mmol; 1 Ci = 37 GBq; New England Nuclear) by nick-trans-
lation (22).
Tumor Morphology Determination. We tested our single

and multiple tumor morphology mutants on stems ofKalanchoe
daigremontiana, Kalanchoe tubiflorae, Nicotiana tabacum var.

xanthi n.c. (tobacco), Nicotiana glauca, Nicotiana langsdorfti,
Datura stramonium, Lycopersicum esculentum var. early girl
(red cherry tomato), and Helianthus annus var. mammoth Rus-
sian (sunflower) and on root slices ofDaucus carota (carrot) and
tuber slices of Helianthus tuberosis (Jerusalem artichoke). We
found that K. tubiflorae stems gave tumors with the most ob-
vious morphological differences for each type ofinciting strain.

Table 2. Plasmids used
Drug

Plasmid Vector T-DNA insert resistance Ref.

pDG83 pRK290-pBR325 hybrid EcoPJ 7-tml-358: :Tn5 Ap, Kmn, Tc 5
pDG84 pRK290-pBR325 hybrid EcoRI 7-tms-337: :Tn5 Ap, Km, Tc 5
pDG85 pRK290-pBR325 hybrid EcoRI 7-tmr-338: :Tn5 Ap, Km, Tc 5
pDG289 pRK290 BamH 8-tms-328: :Tn5 Km, Tc 5
pNW34D7 pRK290-pBR325 hybrid EcoRI 7 Ap, Tc 5
pNW31C8 pBR322 BamHI 8 Ap 5
pNW33D7 pBR325 EcoRI 7 Ap, Tc 5
pPH1JI - Gm, Sm, Sp 12
pWRl pRK290-pBR325 hybrid EcoRI 7-del(tms-tmr)2 Ap, Tc This work

Drug resistance: Ap, ampicillin; Gm, gentamicin; Km, kanamycin; Sm, streptomycin; Sp, spectino-
mycin; Tc, tetracycline.
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Strain Morphology
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A3088 Tms v v
*

A3017 Tms v v

A3044 Tmr v v

A3019 Avir v T

A3000 Avir v v

A3004 Avir

A3025 Avir v

Genetic Loci tms tml
1 kb

3~~~~~~~~~~~1k
Transcripts 5 4 1 f>4 f<i3

Hpal 3 14 13
EcoRI 3 132g9 7 19a 12
BamHI 11 8 1128- 17a 2
Kpnl 2b 9 5

FIG. 1. Locations of the multiple mutations. The genetic (5)physical (Z4-26), and transcriptional (27,28) mapshave been adaptedfrom previous
publications. v indicates a transposon insertion, bold lines indicate a deletion, boxes indicate a genetic locus, hatched boxes designate the region
between the outermost mutation that defines a locus and the nearest phenotypically silent mutation, and arrows indicate the locations and directions
of transcription.
* This strain is avirulent on N. tabacum and incites tumors with reduced shoot formation on K. tubiflorae.

AB minimal agar plates (without antibiotics) were inoculated
with A. tumefaciens strains and incubated at 28°C for 3 days.
A mucoid mass containing approximately 5 X 108 bacteria was
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scraped from each AB agar plate with a sterile toothpick and
smeared into a fresh wound on a K. tubiflorae stem. Stems were
wounded in the middle of an internode region by puncturing
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FIG. 2. Verification of multiple Ti plasmid mutations. The figure is an autoradiogram of a Southern blot of restriction digests of totalA. tumefa-
ciens DNA hybridized with 32P-labeled plasmids containing T-DNA. Lanes: a-e, probed with labeled pNW31C8 (pTiA6NC BamHI fragment 8),
containEcoRI digests of DNAs from strains A3017 (tms-393::Tn3 tml-358::Tn5), A3019 (tms-393::Tn3 tmr-338: :Tn5), A3088 (tms-393::Tn3 tmis-
337: :Tn5), A348 (wild-type pTiA6NC), and 358 (tml-358: :Tn5); f-k, probed with pTiA6NC EcoRI fragment 7, containBamHI/EcoRI double digests
of DNAs from strains A1079 (tmr-25: :IS66), 328 (tms-328: :Tn5), 358 (tml-358: :Tn5), A348 (wild-type pTiA6NC), A3044 (tmr-25: :1S66 tml-358: :Tn5),
and A3000 (tms-328: :Tn5 tmr-25: :IS66); 1-n, probed with labeled pNW33D7 (pTiA6NC EcoRI fragment 7), contain EcoRI digests of DNAs from
strains A348 (wild-type pTiA6NC), A3025 [del(tms-tmr)2 tml-358: :Tn5], and A3004 [del(tms-tmr)2]. In A3017, A3019, and A3088, a Tn3 [4.957-
kilobase (kb)] insertion increased the size of EcoRI fragment 32 from 1.05 to 6.0 kb. Tn5 (5.4-kb) insertions increased the size of EcoRI fragment
7 from 7.3 to 12.7 kb in A3017, A3019, and A3088. In A3000 and A3044, an IS66 (1.5-kb) insertion altered the size of BamHI fragment 30 (0.97
kb). Th5 insertions in the EcoRI fragment 7 altered the sizes of the 3.65-kb (in A3044) and 2.05-kb (in A3000) BamHI/EcoRI fragments. The 2.1-
kb deletion in A3004 decreased the EcoRI fragment 7 from 7.3 to 5.2 kb. When tml-358: :Tn5 was introduced into this deletion mutant, the size of
the EcoRI fragment 7 del(tms-tmr)2 increased from 5.2 to 10.6 kb in A3025.
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them with sterile toothpicks to a depth of 3-5 mm. Each stem
received only one wound, and each mutant was tested on at least
four plants.

Agropine Production. Tissue (0.1 g) excised from K. tubi-
florae stems was examined for agropine essentially as described
(23).

Physical and Biological Containment. Containment levels
used during experiments involving recombinant DNA con-
formed to the guidelines of the National Institutes of Health.

RESULTS
Locations of Mutations. The positions of the multiple mu-

tations are shown in Fig. 1. Verification of the presence of the
mutations was obtained from Southern filter hybridization (Fig.
2).
Tumor Morphology of Single Mutants. Tumors incited by

a wild-type strain, A348, on K. tubiflorae stems produced a
large gall with one or two shoots developing from lateral buds
located near the top and roots proliferating from the bottom
(Fig. 3a). Inoculation of a wound with a Ti-plasmidless strain,
A136, produced a very weak response, and an uninoculated
wound gave no response.

Tumors incited by tmr mutants produced a small gall with
roots proliferating from the bottom but no shoots (Fig. 3c),
whereas a tns mutant produced a large gall with one or two
shoots arising from lateral buds located near the top but no roots
(Fig. 3d). Tumors incited by tml mutants produced a very large
gall with roots proliferating from the bottom but no shoots (Fig.
3e) or one or two small shoots developing from nearby lateral
buds (data not shown).
Tumor Morphology of Virulent Double Mutants. Tumors

incited by tmr tml mutants resembled those incited by a tmr
mutant except that more roots proliferated from the galls (Fig.
3f). Tumors incited by tns tml mutants produced a large gall
lacking roots and shoots (Fig. 3g) or having one very small shoot
(datanot shown). Thus, a tml mutation reduces shoot production
from lateral buds.

Avirulent Multiple Mutants& Wounds on K. tubiflorae in-
oculated with tns tmr or tWs tmr tml mutants gave a weak re-
sponse without root or shoot production (Fig. 3b). These strains
induced a somewhat greater response than the Ti-plasmidless
control strain. The tins tmr and tis tmr tml mutants produced
similar responses when inoculated onto stems ofK. daigremon-
tiana and H. annus, but these strains produced no apparent
response on the other hosts tested.
The small callus appearing on K. daigreiontiana stems in-

oculated with a tns tmr or a tWs tmr tml strain reached its max-
imum size within approximately 1 month, and no significant
growth occurred during an additional 8 months of cultivation.
Thus, mutations in both tms and tmr block or strongly suppress
tumorous growth. The weak responses induced by tns tmr and
tWs tmr tml strains required the Ti plasmid and may result from
expression ofT-DNA genes (other than tns, tmr, and tml) in-
tegrated into plant DNA or from expression ofTi-plasmid genes
outside the T region (for example, vir genes).

Agropine Production. We examined a small callus incited by
the tis tmr tml triple mutant on a K. tubiflorae stem for ac-
cumulation of agropine. This tissue contained agropine, as did
tissue from a tumor incited by a tns mutant, but no agropine
was detected in normal stem tissue (Fig. 4). Production ofagro-
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FIG. 3. Tumor morphology on K. tubiflorae. Tumors incited by
various strains were photographed 48 days after inoculation. (a) A348
(wild-type pTiA6NC). (b) A3004 [del(tms-tmr)2]. (c) 338 (tir-338: :Tn5).
(d) 328 (tms-328::Tn5). (e) 358 (tm1-358::Tn5). (f) A3081, a tmr-
25::IS66 tml-358::Tn5 strain indistinguishable from A3044. (g)
A3017 (tms-393::Tn3 tml-358::Tn5).

9..

FIG. 4. Paper electrophoresis of agropine. Extracts of K. tubi-
florae tissue infected with 393 (tms-393::Tn3; lane 1) and A3025
[del(tms-tmr)2 tml-358: :Tn5; lane 31 contain material comigrating
with purified agropine (100 ng) (lane 4). Normal tissue extract (lane
2) lacks agropine. The spot farthest from the origin (top) is agropine,
a cyclization product of mannopine (the other spot inlane 4). The large
uppermost spots in lanes 1-3 presumably represent glucose or glucose-
containingcompounds. Plant tissue (0.1 g) was ground in 0.2 ml of95%
ethanol and centrifuged for 2 min in an Eppendorf microcentrifuge.
The supernatant was concentrated to 20 gl and applied to a 56 X 15
cm sheet ofWhatman3mm paper. The paperwas moistened with elec-
trophoresis buffer [formic acid/acetic acid/water, 1:3:16 (pH 1.8)] and
subjected to electrophoresis (with the anode at the origin) at 1,000 V
for 2 hr. After electrophoresis, the paper was air dried, immersed in
AgNO3 solution (12.5 g of AgNO3 in 1 liter of acetone and 50 ml of
water), air dried, immersed inNaOH reagent (10ml of20%NaOH and
90 ml of methanol), air dried, submerged in 5% aqueous sodium thio-
sulfate for 2 min, and rinsed briefly with water.

Genetics: Ream et aL
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pine by this small callus suggests that this plant tissue contains
T-DNA.

DISCUSSION
Transposon insertion mutations define three T-DNA loci (tns,
tmr, and tml) that affect tumor morphology, but a mutation in
any of these loci does not abolish virulence (5). tins tm and tmr
tin mutants also remained virulent, indicating that either tns+
or tmr' alone promoted significant tumor growth. This result
suggests that two separate pathways of tumorigenesis exist: a

tins pathway and a tmr pathway. Mutations in both tmr and tns
prevented significant tumor growth for 9 months on K. daigre-
nontiana stems and abolished virulence completely on six other
hosts, indicating that tmt' alone did not promote tumor growth.
Thus, blocking both tumorigenesis pathways prevented tumor
growth. A small unorganized callus induced on K. tubiflorae by
the tns tmr tin mutant contained agropine, suggesting that these
plant cells incorporated T-DNA in the absence of substantial
tumor growth. This observation, also reported by Leemans et
aL (29), might facilitate genetic engineering of plants. Foreign
genes inserted into the T region of a tns tmr mutant Ti plasmid
might be incorporated into the plant genome. Presumably, these
nontransformed T-DNA-containing cells would regenerate eas-

ily into morphologically normal plants that retain the entire T-
DNA because the deleterious T-DNA genes have already been
removed.
Crown gall tumor tissue contains sufficient amounts ofauxins

and cytokinins to grow in vitro on media lacking added phy-
tohormones (10). Normal tobacco tissue forms unorganized cal-
lus when grown in vitro on media containing specific amounts
of auxins and cytokinins (30). Increasing the auxin/cytokinin
ratio in the medium promotes root proliferation, and decreasing
this ratio promotes shoot proliferation (30). Thus, a tmr muta-
tion in the T-DNA of a tumor cell may increase the auxin/cy-
tokinin ratio and a tms mutation may decrease this ratio. In sup-
port of this hypothesis, when tomato stems inoculated with tns
or tmr mutants are treated with auxin or cytokinin, respectively,
normal tumor growth resumes (7). Also, tms and tmr mutations
alter the levels of auxins and cytokinins detected in tumor galls
(31, 32). We presume that mutations in both tns and tmr pre-
vent tumor growth by keeping the phytohormone levels in the
infected plant cells at the levels found in nontransformed tissue.
Our results allow us to speculate on the nature ofthe tin gene

product. The tinV allele failed to promote tumor growth by it-
self and affected tumor morphology only in strains also having
tis+, tir+, or tns+ tmr+ alleles. Thus, the tin+ gene product
apparently requires phytohormones for its activity and probably
does not produce increased levels of auxin or cytokinin in plant
cells. In tumors induced by tin or tin tins mutants, shoot pro-

duction from lateral buds (on K. tubiflorae) and from tumor galls
(on N. tabacum) was reduced, suggesting that tml+ stimulates
shoot development. Addition of a tnt mutation to a tmr mutant
stimulated root proliferation from tumors on K. tubiflorae stems
and H. tuberosis slices. Thus, tin+ could conceivably promote
shoot production and reduce root proliferation by enhancing
cytokinin activity, inhibiting auxin activity, or both.
Crown gall tumors produce at least seven polyadenylylated

RNA transcripts that hybridize to the T region of the Ti plasmid
(ref. 27; Fig. 1). Transcripts 1 and 2 are both associated with
tms (29). We constructed a tns-393::Tn3 tns-328::Tn5 mutant
strain (A3088) that should interrupt both tins transcripts. This
strain induced tumors morphologically indistinguishable from
tumors induced by either single mutant parent on K. daigre-
inontiana, K. tubiflorae, and N. lngsdorfti. A deletion muta-

tion known to eliminate both transcripts 1 and 2 gave similar
results (29). In addition, tns tmr mutants resulted in the same
tumor phenotype regardless of which transcript the tns mu-

tation presumably affects. Thus, the proteins specified by these
transcripts probably affect the same biochemical pathway.
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