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PLANT BIOLOGY

Cytokinins Secreted by Agrobacterium
Promote Transformation by Repressing
a Plant Myb Transcription Factor

Nagesh Sardesai,’* Lan-Ying Lee,' Huabang Chen,'t HoChul Yi,'* Gayla R. Olbricht,28
Alexandra Stirnberg,' Jacob Jeffries,' Kia Xiong,' R.W. Doerge,? Stanton B. Gelvin'T

Agrobacterium-mediated transformation is the most widely used technique for generating transgenic
plants. However, many crops remain recalcitrant. We found that an Arabidopsis myb family
transcription factor (MTF1) inhibited plant transformation susceptibility. Mutating MTF1 increased at-
tachment of several Agrobacterium strains to roots and increased both stable and transient trans-
formation in both susceptible and transformation-resistant Arabidopsis ecotypes. Cytokinins from
Agrobacterium tumefaciens decreased the expression of MTF1 through activation of the cytokinin re-
sponse regulator ARR3. Mutating AHK3 and AHK4, genes that encode cytokinin-responsive kinases,
increased the expression of MTF1 and impaired plant transformation. Mutant mtf1 plants also had
increased expression of AT14A, which encodes a putative transmembrane receptor for cell adhe-
sion molecules. Plants overexpressing AT14A exhibited increased susceptibility to transformation,
whereas at14a mutant plants exhibited decreased attachment of bacteria to roots and decreased
transformation, suggesting that AT14A may serve as an anchor point for Agrobacteria. Thus, by pro-
moting bacterial attachment and transformation of resistant plants and increasing such processes in
susceptible plants, treating roots with cytokinins may help engineer crops with improved features

or yield.

INTRODUCTION

Agrobacterium tumefaciens causes crown gall disease in plants and genet-
ically transforms numerous plant (1, 2), fungal (3), and animal (4) species.
Virulent Agrobacteria harbor a tumor-inducing (Ti) plasmid containing
virulence (vir) genes required by the pathogen to transport transferred
DNA (T-DNA) and virulence effector proteins to host cells. Induction of
vir genes, processing of T-DNA from the Ti plasmid, attachment of the
bacteria to plants, and subsequent transfer of T-DNA and Vir proteins
to host cells are complex processes. Numerous studies have elucidated
the events governing these processes in the bacterium, but relatively little
is known about the plant contribution to transformation (5—9).
Agrobacterium-mediated plant transformation forms the basis for the
modern agricultural biotechnology industry, and although Agrobacterium
has a broad host range, many economically important plants remain recal-
citrant to transformation. Scientists have used a variety of techniques to
identify plant genes that are involved in Agrobacterium-mediated transfor-
mation. Among these, forward and reverse genetic screens revealed more
than 125 such Arabidopsis (6, 10, 11) and tobacco (12) genes. Collect-
ively, the plant lines used in these screens are designated rat (resistant
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to Agrobacterium transformation), reflecting their attenuated transfor-
mation response. The genes identified encode proteins that function in
specific steps necessary for successful transformation (6). However,
none of these mutants identify genes regulating the extent of transfor-
mation susceptibility.

Therefore, we conducted a genetic screen to search for Arabidopsis mu-
tants that are “hyper-susceptible to Agrobacterium transformation (hat)”
from a T-DNA activation-tagged library (/3). This screen identified the
mutant m#fI-1, in which the gene A12g40970, encoding a putative myb
family transcription factor (MTF1), is disrupted. MTFI is a member of a
five-gene family whose encoded proteins have a single SHAQKYF-type
Myb DNA binding domain that is unique to plants (/4) and is similar to
those found in proteins associated with two-component signal transduction
systems (/5), including GOLDEN2-LIKE (GLK), the B-type Arabidopsis
response regulators (ARRS), and pseudoresponse regulator 2 (PRR2) (/4).
MTF1 negatively regulates cold and osmotic stress tolerance (/6). Here,
MTF1 inhibited the susceptibility of Arabidopsis to Agrobacterium-mediated
transformation, suggesting that targeting MTF1 or its gene At2g40970
could increase transformation susceptibility in crop plants.

RESULTS

mtf1 mutants show increased transformation

To verify the importance of MTF1 in transformation, we analyzed trans-
formation susceptibility of independent m¢fI mutants. The heterozygous
mutant mifI-1 contains a T-DNA insertion in the 5’ untranslated region
of MTF1, 36 bp (base pair) upstream of the start codon (Fig. 1A), and
displayed about 10-fold increase in transformation susceptibility com-
pared with that of the wild-type Columbia ecotype, Col-7 (Fig. 1B).
Likewise, heterozygous mtf1-2 and mtfI-3 mutants displayed a four- to
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Fig. 1. Expression of MTF1 influences plant susceptibility to Agrobacterium-
mediated transformation. (A) Map of T-DNA insertion positions in MTF1 mu-
tants. Numbers indicate nucleotide positions; +1 indicates translation start site.
Striped box denotes Myb DNA binding domain. (B) Percentage of root
segments developing tumors after inoculation with A. tumefaciens A208
[10° colony-forming units (CFUYmI]. **P < 0.02, mtflines to Col lines. (C) Percent-
age of GUS-positive root segments after inoculation with A. tumefaciens
At849 (10° CFU/ml). **P < 0.02, mtf1-4 to Col-0. (D) Relative MTF1 transcript
abundance in wild-type (Col-7 or Col-0), mtf1-1, and mtf1-4roots. ***P < 0.001,

sevenfold increase in stable transformation susceptibility (Fig. 1B). We
could not recover homozygous mutant plants from self-fertilized prog-
eny of mifil-1, mtfl-2 (SALK_072082), or mtfl-3 (SALK_102624),
suggesting that loss of all MTFI functions may be lethal. Self-fertilization
of only mi#f1-4 (SALK_072083) resulted in a homozygous mutant. The
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mitf1-1and mtf 1-4to Col. (E) Percentage of root segments developing tumors
after inoculation with A. tumefaciens A348, A281, and A. rhizogenes R1000.
*P<0.02, mtf1-4to Col-0. (F) Percentage of root segments developing tumors
on T2 generation BI-1-MTF1-RNAi lines inoculated with A. tumefaciens A208
(108 CFU/ml). **P < 0.02, lines 2, 8, and 9 to BI-1. (G) Relative MTF1 transcript
abundance in roots of Bl-1 and MTF1-RNAilines 2,9, and 10, and empty vector
(EV). **P < 0.001, *P< 0.05, MTF1-RNAi lines to BI-1. Data are means + SEM
from n = 3 (for relative transcript abundance) or n = 5 (for percentage of roots
developing tumors or GUS activity) biological replicates. ns, not significant.

insertion in mif1-4 permits expression of about 85% of the MTFI open
reading frame, indicating that the majority of MTF1 protein is essential for
Arabidopsis viability. Homozygous mtf1-4 plants showed an about 11-
fold increase in stable transformation susceptibility (Fig. 1B). Other
than the inviability of homozygous mtfI-1, -2, and -3 mutants, neither
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any of the heterozygous mif mutants nor the homozygous mtf1-4 dis-
played any additional visible phenotype.

Additionally, we investigated whether disruption of MTF also alters
transient transformation. B-Glucuronidase (GUS) activity, resulting from
the transfer of a gus4-intron gene from Agrobacterium to plants, is a stan-
dard assay to assess transient transformation that does not rely on hormone
responses, unlike tumorigenesis assays (//, /7). Compared with Columbia
ecotype Col-0 plants, mtf1-4 plants showed about 2.5-fold increase in tran-
sient transformation (Fig. 1C). Thus, all four m#f] mutant lines displayed a
hat phenotype, highlighting the importance of MTF in transformation.

Quantitative real-time reverse transcription polymerase chain reaction
(RT-PCR) assays using primers directed to the 5’ end of the MTFI gene
revealed that MTF transcript abundance decreased 3-fold in homozygous
mtfl-4 mutants and more than 12-fold in heterozygous mi#fI-1 mutants
compared with that in wild-type plants (Fig. 1D), demonstrating that
transformation susceptibility is inversely correlated with MTF! transcript
abundance. Our primers amplified a region of the mtf] complementary
DNA (cDNA) upstream of the T-DNA insertion site in m#f1-4, and be-
cause mtfl-4 is homozygous, our assay detected only the truncated tran-
script. The threefold decrease in the amount of this 5 region of the MTF1
transcript in the mtfl-4 plants likely reflects instability of this truncated
transcript. Because mifi-1 is heterozygous for the MTFI locus, one may
expect a 50% reduction in MTF] transcript abundance. However, because
we detected a more than 12-fold decrease in MTF! transcript abundance,
our results suggest a complex unknown mechanism that may involve par-
tial silencing of the remaining MTF1 allele. The observed haploinsuffi-
ciency of the mtfl-1, -2, and -3 mutants suggests that dosage of this
gene is critical for transformation susceptibility. Further experiments in
this study therefore used homozygous mtfi-4 plants.

The transformation experiments described above were carried out using
A. tumefaciens A208 that contains a nopaline-type Ti plasmid. To assess
whether mitf1-4 shows increased susceptibility to other Agrobacterium
strains, we conducted root transformation assays using the octopine-type
strain A348, the succinamopine-type strain A281, and Agrobacterium
rhizogenes R1000 containing the Ri plasmid pRiA4b. The mtf1-4 mutant
displayed two- to fivefold increased transformation susceptibility to these
strains (Fig. 1E). Thus, MTF1 plays an important role in plant susceptibil-
ity to various Agrobacterium strains.

Ectopic expression of wild-type MTF1 cDNA in mtf1-4 plants resulted
in several transgenic lines that exhibited transformation susceptibility sim-
ilar to that of wild-type plants (fig. S1IA). These transgenic lines individ-
ually expressed increased abundance of MTFI mRNA (fig. S1B). These
complementation experiments confirmed that disruption of the MTFI
gene is responsible for increased transformation susceptibility.

Targeting MTF1 increases transformation of a
recalcitrant Arabidopsis ecotype

The mifl-1, -2, -3, and -4 mutants were of the Columbia background, an
ecotype relatively amenable to root transformation. Arabidopsis ecotype
BI-1 is highly recalcitrant to root transformation (/8), even when inocu-
lated with 10°® bacteria/ml, but can be transformed using a floral dip meth-
od (19). MTF1 genes of ecotypes Columbia and BIl-1 have identical
sequences. We introduced into ecotype Bl-1 an RNA interference (RNAi)
expression construction targeting M7F! transcripts and screened the de-
rived transgenic lines for root transformation susceptibility. Nine of the 10
tested T1 generation transgenic plants exhibited increased susceptibility
(fig. S2). We tested 25 T2 generation plants from each of five MTF1-RNAi
lines, along with an RNAi empty vector line. Three of these transgenic
lines continued to show greater transformation susceptibility (Fig. 1F).
RNAI lines 2 and 9, which had increased transformation susceptibility,
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showed a 4.6- and 7-fold decrease in MTFI transcript abundance, respec-
tively, whereas line 10, which did not have altered susceptibility, showed a
more than 2-fold decrease in MTF] transcript abundance (Fig. 1G). A
transgenic line containing an empty RNAI vector did not display altered
transformation susceptibility or altered MTF I transcript abundance. These
results indicate that transformation susceptibility of Bl-1 plants inversely
correlated with the abundance of MTF! transcripts.

Cytokinins secreted by Agrobacterium repress MTF1

The expression of MTF1 is decreased by cytokinin treatment (20), and
thus, we sought to examine whether the transformation process was influ-
enced by cytokinins. Ti plasmids of nopaline-type Agrobacterium strains
carry a Tzs gene that directs synthesis and secretion of cytokinins (2/-23).
Tzs promotes transformation by both nopaline-type 4. tumefaciens strains
(24) and, when transferred to strain 1855, A. rhizogenes strains (25).
A. tumefaciens strains harboring nopaline-type Ti plasmids secrete frans-
zeatin or frans-zeatin ribosides into the medium in amounts greater than
1 pg/liter (24, 26, 27). In addition, all Agrobacterium strains produce a
second smaller but substantial source of cytokinins from derivatives of
isopentenylated transfer RNA (tRNA), which is catalyzed by the enzyme
tRNA:isopentenyltransferase encoded by the chromosomal MiaA4 gene (28).

Therefore, to determine the effect of Agrobacterium-secreted cytokinins
on transformation and MTF1 expression, we conducted stable transfor-
mation assays on Arabidopsis roots infected with (i) the wild-type 7zs
strain A. tumefaciens NT1RE(pJK270) or the fzs frameshift mutant
NTI1RE(pJK270tzs-fs) (24), and (ii) the wild-type A. tumefaciens A348
(pBISN2) or the corresponding miaA mutant containing the octopine-type
plasmid pTiA6 and pBISN2 (28). Arabidopsis root segments infected with
the #zs mutant developed about threefold fewer tumors than did roots
infected with the corresponding wild-type strain (Fig. 2A). Antibiotic re-
sistance callus assays showed that root segments infected with the miaA
mutant developed about twofold fewer calli than did those infected with
the wild-type strain (Fig. 2B). In addition, transient transformation assays
carried out with the mia4 mutant also revealed about twofold lower per-
centage of GUS-positive root segments than did infection by wild-type
bacteria (fig. S3). The lowest abundance of MTF transcripts was observed
in root segments infected with the wild-type strain NT1RE(pJK270) that
produced cytokinins from both sources, followed by roots infected with
the strain A348 that secretes tRNA-derived cytokinins. 7zs mutant—infected
root segments had about 20% decrease in MTF transcript abundance than
did uninfected roots, whereas the miaA mutant—infected roots did not
show a change in MTF1 transcript abundance (Fig. 2C). These results con-
firm that the expression of MTF1 is decreased by cytokinins produced by
A. tumefaciens and indicate that cytokinin-mediated repression of MTF1
expression leads to altered transformation susceptibility. Further, the data
suggest that 7zs has a greater effect than does Mia4 on decreasing MTF1
expression.

To determine in which root tissues this decrease in MTF] expression
was most pronounced, we generated transgenic Arabidopsis lines express-
ing enhanced yellow fluorescent protein (EYFP) under the control of the
MTF1 promoter. MTF'] promoter activity was constitutive in all examined
plant seedlings (Fig. 2D). We used the high EYFP-expressing line Col-7—
Pvrr—EYFP4 to assess whether root tissues exhibited altered MTF ex-
pression when infected with a Tzs A. tumefaciens strain. Fluorescence
decreased in roots by 48 hours of cocultivation, most noticeably in the
epidermal and cortical cells of the elongation zone, the region most sus-
ceptible to transformation (29) (Fig. 2D). This decrease in fluorescence
was not observed in roots incubated with the 7zs mutant. These results
are consistent with the decreased MTF'] transcript abundance we ob-
served in roots cocultivated with 7zs bacteria.
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Fig. 2. Cytokinins increase susceptibility to
Agrobacterium-mediated transformation.
(A) Percentage of root segments develop-
ing tumors after inoculation with 107 CFU/m
wild-type NT1RE(pJK270) and tzs mutant
A. tumefaciens. **P < 0.02, tzs to wild-type.
(B) Percentage of root segments develop-
ing antibiotic-resistant calli after inoculation
with wild-type A348(pBISN2) (107 CFU/mI)
and miaA mutant A. tumefaciens. **P < 0.02,
miaA to wild-type. (C) Relative MTF1 tran-
script abundance in roots infected with miaA
and fzs mutants and their respective wild-
type A. tumefaciens strains, WT-1 [A348
(pBISN2)] and WT-2 [NT1RE(pJK270)].
**P < 0.001, WT-1 and WT-2 to uninfected,
miaA to WT-1, and fzs to WT-2. (D) The
MTF1 promoter is repressed in response
to inoculation with wild-type A. tumefaciens.
EYFP expression in an MTF1 promoter-EYFP
transgenic seedling (scale bars, 1 mm),
and in roots either uninfected or inoculated
with wild-type NT1RE(pJK270) (108 CFU/m!)
or tzs mutant A. tumefaciens (scale bars,
250 um). Analyses were conducted 48 hours
after inoculation. (E and F) Percentage of
root segments developing tumors on (E)
Col-0 (**P < 0.02, 1.4 and 14 uM to 0 uM)
and (F) BI-1 (**P < 0.02, 1.4 and 14 uM to
0 uM) roots after inoculation with A. tumefaciens
A348 and A281 in the absence or presence
of trans-zeatin. (G) Attachment of GFP-tagged
A. tumefaciens A281 to root segments of
Col-0 and BI-1 pretreated for 24 hours with-
out or with 1.4 uM trans-zeatin. Scale bars,
50 um. Data are means + SEM from n = 3
(C)orn=5(A, B, E, and F) biological repli-
cates. Images in (D) and (G) are represent-
ative of n = 6 plants.

Cytokinins enhance transformation
Chateau et al. (30) reported that prein-
cubation of Arabidopsis petioles with phy-
tohormones increases transformation, and
hormone pretreatment is part of the pro-
tocol to generate transgenic Arabidopsis
plants from roots (3/). Because cytokinins
from A. tumefaciens influence transforma-
tion, we speculated that phytohormone pre-
treatment of Arabidopsis root segments may
enhance transformation susceptibility of
transformation-recalcitrant ecotypes. We incu-
bated root segments from five transformation-
recalcitrant Arabidopsis ecotypes [BI-1,
Bla-2, Cal-0, Dijon-G, and Petergof (/8)]
and a transformation-susceptible ecotype
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(Ws-2) on callus-inducing medium containing kinetin, indole acetic acid, transformation susceptibility after 1 day of phytohormone pretreatment
and 2,4-dichlorophenoxyacetic acid before infection by Agrobacterium  (fig. S4, A and B). Pretreatment of roots also increased transient transfor-
and scored transformation susceptibility. All ecotypes displayed increased — mation, a process that does not require T-DNA integration into the plant
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genome (fig. S4C). Thus, phytohormone treatment sensitized roots to
Agrobacterium-mediated transformation at an early step (before T-DNA
integration) in the process.

To test whether only exogenous application of the cytokinin #rans-zeatin
to roots could influence transformation susceptibility, we incubated Arabi-
dopsis roots on medium containing frans-zeatin and infected them with
A. tumefaciens A348 or A281. Neither of these strains harbors 7zs. We used

and C), and arr3,4 (fig. S6, D and E) consistently showed decreased
transformation susceptibility, whereas arr5,6,8,9 mutants did not show a
significant difference in transformation (fig. S6, B and C). Among single
mutants, an arr3 mutant showed decreased transformation susceptibility,
whereas arr4 did not (Fig. 3, B and C). arr3 roots infected with A. fume-
faciens also showed a 3.5-fold greater abundance of MTF1 transcripts than
did wild-type roots (fig. S6A). mtfi-4 did not display differences in ARR3

trans-zeatin concentrations representing the range secreted by
nopaline-type A. tumefaciens strains (24, 26, 27). Trans-zeatin
treatment of Col-0 roots resulted in a four- to eightfold in-
crease in transformation efficiency by these 4. tumefaciens
strains. Ecotype BI-1 roots infected with these strains showed
a two- to threefold increase in susceptibility (Fig. 2, E and F).
Incubation of roots on frans-zeatin decreased MTF'1 transcript
abundance by 30 to 60% (fig. S5, A and B) and increased at-
tachment of green fluorescent protein (GFP)—expressing
A. tumefaciens A281 (Fig. 2G), indicating that exogenous cy-
tokinins increase transformation susceptibility.

Cytokinins influence MTF1 via ARR3

To determine which components of the plant cytokinin signal-
ing pathway are involved in influencing MTF1 by Agrobacterium-
secreted cytokinins, we analyzed Arabidopsis lines with
mutant genes in this pathway. In Arabidopsis, four major
steps in cytokinin signaling are as follows: (i) perception of
cytokinins by hybrid histidine protein kinases (AHKS), (ii)
transfer of the phosphosignal by histidine phosphotransfer
proteins (AHPs) to the nucleus, (iii) phosphorylation of type B
ARRs that activate transcription, and (iv) a negative feedback
loop through cytokinin-inducible type A ARR gene products
(32, 33). We screened mutants of various genes, encoding
proteins involved in the cytokinin signaling pathway, for trans-
formation susceptibility, using a phytohormone-independent
stable root transformation assay. Root segments were infected
with A. tumefaciens carrying a bar gene in the T-DNA, and
selected for formation of phosphinothricin (PPT)-resistant
calli. Mutants of ahk3 and ahk4, which encode the cytokinin
receptors Arabidopsis histidine kinase 3 and 4, respectively,
displayed decreased transformation susceptibility, whereas
an ahk2 mutant showed susceptibility similar to that of wild-
type plants (Fig. 3A). MTF 1 transcripts increased in the roots
of ahk3 and ahk4 mutants, but not in those of ahk2 (fig. S6A).
Likewise, a quintuple mutant of ahpl,2,3,4,5, genes that en-
code histidine-containing phosphotransmitters, showed de-
creased transformation susceptibility (Fig. 3A) and increased
MTF1 transcript accumulation (fig. S6A), together indicating
the promotional roles of histidine phosphotransfer proteins
and select cytokinin receptors in transformation.

Type A ARRs encode transcription repressors that act as
negative regulators of cytokinin signaling (34), and one mod-
el for the mechanism of regulation suggests that unphos-
phorylated type A ARRs inhibit type B-mediated transcription,
whereas phosphorylation of type A ARRs may relieve their
negative action (35). MTF1 contains a Myb DNA binding
domain similar to that of type B ARRs. We therefore assessed
whether type A ARRs negatively regulate MTF] expression
and transformation susceptibility. Because of functional re-
dundancy among the type A ARRs, we screened several type
A ARR multiple mutants to identify genes influencing trans-
formation. The mutants arr3,4,5,6,8,9, arr3,4,5,6 (fig. S6, B

A B
45 - @ 90
c
= 40 o 804 ns
S £ —I—
3 35 > 704
c
£ 30 5 60-
® 25 ok ok ° 504
e *k o
o 201 2 40-
;g 15 § 30 *%
'<E 10 A g 20
2 57 (.2 10
0 S0 .
Col-0 ahk2 ahk3 ahk4 ahp1,2,3,4,5 Col-0 arr3 arrd
C D
18+ ns @ 25-
= 161 ]
] £
= 14 > 20
3 ]
® 12 1 § 15,
3 104 <
o 8- g
E 6 *% ﬁ 10+
2 g
*%
g ¢ g 5
R 2 o -
0 . =0
Col-0 arr3 arrd Col-0 at14a
E F
- 601 0 20, *k
= o 18 . *k
S 504 = E
e ; 16 1 "
g 40 = 14
R4 2
» w 12
) 2
o 30 . S 10+
§ 20_ E’ 8-
2 8 6
c -
< 10 9 4
B 2
0 = 0 , , . .
Col-0 at14a BI-1 1 2 3 4

Bl-1-At14a lines

Fig. 3. Agrobacterium-mediated transformation is mediated by the cytokinin signaling
pathway and At14a. (A) Percentage of wild-type (Col-0) and mutant ahk or ahp root
segments developing antibiotic-resistant calli after inoculation with A. tumefaciens
At872 (10° CFU/mI). **P < 0.02, ahk3, ahk4, and ahp1,2,3,4,5 to Col-0. (B) Percentage
of GUS-positive root segments of wild-type and mutant arr3 or arr4 plants inoculated
with A. tumefaciens At849 (10° CFU/ml). **P < 0.01, arr3 to Col-0. (C) Percentage of
wild-type and mutant arr3 or arr4 root segments developing antibiotic-resistant calli after
inoculation with A. tumefaciens At872 (10° CFU/mI). **P < 0.02, arr3 to Cal-0. (D) Per-
centage of GUS-positive root segments of wild-type and at74a plants inoculated with
A. tumefaciens At849 (107 CFU/ml). **P < 0.02, at14a to Col-0. (E) Percentage of wild-
type and at14a mutant root segments developing antibiotic-resistant calli after inocula-
tion with A. tumefaciens At872 (107 CFU/mI). **P < 0.02, at14ato Col-0. (F) Percentage
of wild-type and BI-1 At74a transgenic root segments developing tumors after inocula-
tion with A. tumefaciens A208 (107 CFU/ml). **P < 0.02, BI-1-At14a lines to BI-1. Data are
means + SEM from n = 5 biological replicates. ns, not significant.
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transcript abundance (fig. SOF). Together, these data indicate that ARR3
promotes transformation and functions upstream of MTF1.

MTF1 regulates Agrobacterium attachment

We used Arabidopsis ATH1 Genome Arrays to identify genes whose ex-
pression is altered in wild-type, heterozygous mtfi-1, and homozygous
mtf1-4 Arabidopsis roots. Of the 40 genes that exhibited statistically sig-
nificant differential expression between both mif] mutants and wild-type
roots and had a difference greater than 1.5-fold in the microarray (table
S1), 13 were independently validated to be differentially expressed. Of
these, the expression of seven genes was commonly increased and that
of six genes was commonly decreased in both m#f mutants compared to
wild-type roots, including 4r2g40970. To assess the importance of these
genes in transformation, we tested the transformation susceptibility of plants
that were mutant for one of the other five genes with decreased transcript
abundance: A13g56710, At5g39670, At2g43290, At4g25470, and At5g49520.
Only the mutant for At5g49520, encoding the transcriptional activator
WRKY48, displayed a mild /at phenotype (fig. S7TA). We also individu-
ally ectopically expressed each of the four genes that showed increased
transcript abundance (4£2g40960, At1g50060, At5g46295, and At5g15725)
in Arabidopsis Col-0 plants and tested transformation susceptibility of the
transgenic lines. Transformation susceptibility increased in 4¢7g50060 and
At5g15725 transgenic lines (fig. S7B), but not in the other lines (fig. S7C).
Atlg50060 encodes a basic PR1 (pathogenesis-related 1)-like protein,
whereas At5g15725 encodes a putative glycosyltransferase. These data in-
dicate that MTF1 regulates multiple genes that promote transformation.

Another gene whose expression was increased in both mifl mutants,
At3g28290 (table S1), encodes AT14A, a putative transmembrane receptor
for cell adhesion molecules. AT14A has a small domain similar to that of
the mammalian B; integrins (36) and may mediate the cell wall-plasma
membrane—cytoskeleton continuum (37). Human f; integrins bind to
CagL proteins of the Helicobacter pylori type IV secretion system (T4SS)
pilus that are homologous to VirB5 proteins of the Agrobacterium T4SS
T-pilus (38). To assess the importance of A¢/4a in transformation, we as-
sayed a T-DNA insertion mutant (SALK_005316C) for susceptibility to
A. tumefaciens. Mutant atl4a plants showed decreased susceptibility to
both transient and stable transformation (Fig. 3, D and E). In contrast,
transgenic Arabidopsis ecotype Bl-1 ectopically expressing A¢/4a displayed
increased transformation susceptibility (Fig. 3F). Together, these results
indicate that At/4a promotes MTF1-mediated transformation, perhaps
by increasing anchor points for A. tumefaciens attachment.

Because increased expression of At/4a in mtf1-4 could, in theory, re-
sult in increasing the number of binding sites available to Agrobacterium
cells, leading to increased transformation, we determined if MTF played a
role in promoting bacterial attachment. 4. fumefaciens constitutively express-
ing GFP showed increased aggregation around mtf1-4 roots compared to
Col-0 roots (Fig. 4A). On the contrary, lower bacterial aggregation was
seen around at/4a roots (Fig. 4B). Scanning electron microscopy (SEM)
quantitatively confirmed that higher numbers of bacteria directly bind to
mtfl-4 roots and lower numbers to at/4a roots than to wild-type roots
(Fig. 4C), indicating that decreased expression of MTF results in in-
creased susceptibility during the early attachment stage of the transfor-
mation process.

Earlier studies indicated that roots of ecotype Bl-1 do not bind Agro-
bacteria well (/8). We therefore examined bacterial attachment to roots
of BI-1-MTF1-RNA:I lines and BI-1 lines ectopically expressing At/4a.
A. tumefaciens expressing GFP showed increased bacterial aggregation
in the high-transforming transgenic Bl-1 RNAI lines 2, 8, and 9 compared
to that of the low-transforming line 10, the empty RNAI vector line, and
wild-type BI-1 (Fig. 4D). Furthermore, SEM studies showed a greater
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number of bacteria attached to roots of the RNAI lines 2, 8, and 9 than
to roots of wild-type and control lines (Fig. 4E). Bl-1 lines ectopically
expressing At/4a had increased bacterial aggregation around cut root
segments (Fig. 4F). These results strongly support the role of At/4a in in-
creasing transformation susceptibility by promoting bacterial attachment.

DISCUSSION

The mtf1-4 mutant was hypersusceptible to transformation by several
Agrobacterium strains, indicating that MTF [ is a global negative regulator
of transformation susceptibility. Decreasing MTFI expression in the
transformation-recalcitrant Arabidopsis ecotype Bl-1 increased its trans-
formation susceptibility. MTF1 expression was down-regulated by cytokinins,
and other studies have reported increased transformation after phyto-
hormone treatment of plant explants (24, 30, 31). However, the mechanism
of this increased susceptibility was unknown. Our study provides a mo-
lecular explanation for the role of cytokinins in increasing transformation
by decreasing MTF1 expression.

All Agrobacteria produce cytokinins (24, 26—28), and decreasing cy-
tokinin production by the bacteria attenuates virulence (24). Agrobacterium
strains containing nopaline-type Ti plasmids synthesize and secrete trans-
zeatin, mediated by the vir region-localized gene 7zs. A. tumefaciens tzs
mutants are less virulent than are 7zs strains (24). TZS is present on the
bacterial surface (39), suggesting that metabolites from wounded plant
cells may be converted into frans-zeatin at infection sites. The decreased
virulence of Agrobacterium tzs mutants can be restored by exogenous
application of cytokinins (24). Bioactive cytokinins are produced and
secreted by Rhizobium (40) and play a key role in nodule development.
Bradyrhizobium mia4 mutants complemented with 7zs restore normal
nodulation of Aeschynomene legumes (41).

Perception of the Agrobacterium-secreted cytokinins was achieved
through the AHK3 and AHK4 receptors, and the signal was transduced
through a phosphotransfer cascade mediated by the AHP group of pro-
teins (42, 34). In our study, mutations in these genes resulted in decreased
transformation susceptibility and the accumulation of MTF! transcripts.
Type A ARRs act as negative regulators of cytokinin signaling (43), and
ARR3 negatively regulated MTF I expression. Cytokinins play an important
role in determining the outcome of plant-pathogen interactions, in which
high concentrations (10 to 100 uM) prime salicylic acid—dependent de-
fense responses, and low concentrations (up to 10 uM) lead to increased
susceptibility of Arabidopsis to the virulent oomycete Hyaloperenospora
arabidopsidis Noco2 (44). Whereas cytokinins can increase plant defense
responses and therefore resistance to bacterial pathogens (45), A. tumefaciens
seems to have devised a mechanism to circumvent or minimize the trigger-
ing of a plant defense response by secreting low concentrations of cyto-
kinins that influence the expression of M7FI and type A ARR genes (46).

Regulation of gene expression by MTF1 was highly specific. Only
about 40 genes had a significantly increased or decreased (by greater than
or equal to 1.5-fold) expression in roots of m#f] mutant plants (table S1).
One gene involved in transformation, A¢/4a, was up-regulated in mif1-4.
AT14A may mediate the cell wall-plasma membrane—cytoskeleton con-
tinuum that plays important roles in the regulation of plant responses to
environmental cues (37). NDR1 (non—race-specific disease resistance 1), a
plant integrin-like protein, mediates primary cellular functions in Arabidopsis
through maintaining the integrity of the cell wall-plasma membrane con-
nection during Pseudomonas syringae pv tomato DC3000 infection (47).
Cowpea plants, which are resistant to the powdery mildew fungus and sus-
ceptible to the cowpea rust fungus, show increased plasma membrane—cell
wall adhesion when inoculated first with conidia of powdery mildew fungus
for 24 hours before inoculation with the virulent rust fungal basidiospores
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Fig. 4. MTF1 and At14a influ-
ence Agrobacterium binding
to Arabidopsis roots. (A) At-
tachment of GFP-tagged A.
tumefaciens A348 (A348-GFP)
to root segments of Col-0 and
mtf1-4 plants. Scale bars, 50 um.
(B) Attachment of A348-GFP
to root segments of Col-0 and
at14a plants. Scale bars, 50 um.
(C) SEM of A348 attached to
the root surface of Col-0, mif1-4,
and at14a plants. Scale bars,
20 um. Data are means =
SEM number of bacteria/mm?
from n = 6 biological replicates.
**P < 0.001, mtfi-4 and at14a
to Col-0. (D) Attachment of
A208-GFP to root segments
of Bl-1 and MTF1-RNAI lines
2,8,9, and 10, or empty vec-
tor (EV) plants. Scale bars,
50 um. (E) SEM of A348 at-
tached to the root surface of
BI-1 and MTF1-RNAi lines 2,
8, and 9, or EV plants. Scale
bars, 10 um. Data are means +
SEM number of bacteria/mm?

from n = 6 biological replicates. ***P < 0.001, BI-1-MTF1-

Bl-1-At14a-4

plants.
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RNAI lines to BI-1 and EV. (F) Attachment of A348-GFP to
root segments of BI-1 or At14a transgenic BI-1 lines. Root
segments were incubated for 24 hours with the bacteria.
Scale bars, 50 um. All images are representative of n = 6
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Fig. 5. Model for Agrobacterium-mediated
transformation by inhibiting MTF1 through the
cytokinin signaling pathway. Agrobacterium-
secreted cytokinins are perceived in Arabi-
dopsis by the AHK3 and AHK4 receptors.
Histidine (H) is autophosphorylated, and
the phosphate group (P) is transferred to
aspartate (D). The phosphate group is then
transferred to the AHPs, activating them.
Activated AHPs are translocated to the nu-
cleus, where the phosphate group is trans-
ferred to the receiver domain of B type ARRs.
Dephosphorylated AHPs shuttle back to
the cytosol, and activated ARRs bind to mul-
tiple cis elements in the promoters of target
genes that include the type A ARR, ARR3.
ARRS inhibits MTF1 expression, resulting in
increased expression of At14a. AT14A local-
izes to the cell wall-plasma membrane
continuum and serves as anchor points for
A. tumefaciens attachment.

and resist penetration by the rust fungus
(48). Thus, although plant integrin-like
proteins play a role in cell wall-associated
defenses, Agrobacteria may have discov-
ered a way to use this defense mechanism
to their advantage. As with other integrin-
like plant proteins, the AT14A protein family
contains a membrane-localized integrin-like
B; domain. In animal systems, this domain
interacts with H. pylori CagL protein, an
ortholog of the Agrobacterium T-pilus pro-
tein VirB5, and acts as a host membrane
anchor for the bacterial protein delivery
machinery (38). Because transformation re-
calcitrance of several Arabidopsis ecotypes
results from decreased binding of Agro-
bacterium to roots (1/8) and the expression
of Atl4a in the mtf]l mutants resulted in
increased attachment of Agrobacterium,
we speculated that decreased transforma-
tion susceptibility of at/4a mutants may re-
sult from fewer Agrobacterium binding sites
on the plant cells. Indeed, high-resolution
SEM confirmed that roots of at/4a plants
bound fewer Agrobacteria than did either
wild-type or mtf1-4 mutant plants. Our hy-
pothesis was further supported by observa-
tions that decreased MTF1 expression or
ectopic overexpression of At/4a in Bl-1, a
highly recalcitrant ecotype, increased both
transformation and bacterial attachment.

In conclusion, we identified MTFI as a
negative regulator of plant susceptibility to
Agrobacterium-mediated transformation.

Enhanced plant transformation is dependent on integration of Agrobacterium-
secreted cytokinin perception and signal transduction by the cytokinin
signaling pathway with negative regulation of M7TF! via ARR3. We propose
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that mutation of MTF] increases transformation by increasing the express-
ion of At14a, thereby increasing the number of Agrobacterium attachment
sites on the plant cells (Fig. 5). MTFI orthologs exist in transformation-
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recalcitrant crop species. Thus, we are currently manipulating these genes
to increase transformation susceptibility of economically important crops
to improve product quality and tolerance to biotic and abiotic stress factors
and increase crop yield.

MATERIALS AND METHODS

Agrobacterium culture, plant growth conditions, and
transformation assays

A. tumefaciens was cultured in yeast extract-peptone medium (49) contain-
ing the appropriate antibiotics. Root transformation assays were carried out
as previously described (/8) with minor modifications (50). MS (Murashige
and Skoog) basal medium lacking phytohormones was used to select for
tumors, and callus-inducing medium (/8) containing PPT (10 pg/ml) was
used to select for antibiotic-resistant calli. GUS activity assays were carried
out after infection of root segments with 4. tumefaciens At849 (17) for 4 to
6 days, using 5-bromo-4-chloro-3-indoyl B-p-glucuronide (X-Gluc) (57).

Arabidopsis mutants

We screened about 4000 mutagenized plants from a T-DNA activation-
tagged library (13) at low Agrobacterium inoculation densities (10° and
10° CFU/ml) for increased root transformation. We used TAIL (thermal
asymmetric interlaced)}-PCR (52) to identify the T-DNA/plant junction
from mtfl-1. Primers for TAIL-PCR are listed in table S2.

Seeds of the T-DNA insertion M7F] mutants SALK_072082 (mtf1-2),
SALK_102624 (mtfi1-3), and SALK_072083 (mtf1-4), and a T-DNA
insertion At/4a mutant SALK_005316C (53) were obtained from the Ar-
abidopsis Biological Resource Center (ABRC). The mutants were geno-
typed with primers listed in table S2.

Generation of transgenic MTF1-complemented plants
MTF1 cDNA was synthesized from 1 to 2 pug of RNA using oligo(dT) and
the SuperScript I First Strand Synthesis System for RT-PCR (Invitrogen)
following the manufacturer’s protocol. Primer sequences are listed in table
S2. The PCR was conducted with PfuTurbo DNA polymerase (Stratagene)
and 200 ng of Arabidopsis Columbia root cDNA. PCR products were
cloned into the Sma I site of pBluescript II SK+ (Stratagene). MTFI cDNA
was excised with Xho I and Spe I and cloned into the binary vector pE1775
(54). The resulting construction, pE3263, was introduced into 4. tumefaciens
GV3101 by electroporation and used for floral dip transformation (55) of
the mutant m#f1-4. Transgenic plants were selected on B5 medium con-
taining hygromycin (20 pg/ml).

Quantitative real-time RT-PCR analysis

Real-time RT-PCR was carried out with total RNA isolated in triplicate
from roots of plants grown in liquid B5 medium. PCR was performed
in triplicate on an ABI PRISM 7500 Sequence Detection System (Applied
Biosystems). Expression was calculated by the relative standard curve
method (Applied Biosystems) and normalized to Actin2 transcript abun-
dance. Transcript abundance of genes identified in our microarray experi-
ments was validated by RT-PCR. The list of primers is given in table S2.

Generation of MTF1-RNAi lines

We generated MTF1-RNAI lines with the T-DNA binary vector pFGC1008
(GenBank accession AY310333). The RNAI construction (pE3387) con-
tained about 400-bp cDNA fragment of MTFI amplified with primers
listed in table S2. The MTF fragment was oriented as an inverted re-
peat, with each repeat separated by a fragment from the gus4 gene. RNAi
lines, in ecotype BIl-1, were produced by floral dip transformation using
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A. tumefaciens GV3101. Transgenic plants were selected on BS medium
containing hygromycin.

Bacterial attachment assays

Root segments of Arabidopsis Col-0, mifi-4, atl4a, and Atl4a-overexpressing
plants were incubated with A. fumefaciens A348 containing pJZ383 (Py.:GFP),
and BI-1 and MTFI-RNAI lines were incubated with A. tumefaciens A208
containing pJZ383. Root segments were cocultivated for 24 hours in B5
minimal medium. Root segments were rinsed, placed on glass slides, and
visualized by epifluorescence microscopy.

Scanning electron microscopy

Root segments of Arabidopsis Col-0, mif1-4, at14a, Bl-1, and MTFI-RNAi
lines incubated with 4. tumefaciens A348-pJZ383 were processed for SEM
by fixation of the tissues in 1% (w/v) OsO4 in 0.1 M cacodylate buffer and
dehydration through an ethanol series, followed by critical point drying.
Samples were sputter-coated with platinum and imaged with a Nova
NanoSEM 200 scanning electron microscope (FEI) using a high-vacuum
Everhart-Thornley detector operating at a 5-kV accelerating voltage and a
4.5- to 5-mm working distance. Attachment was quantified by recording
the number of bacteria bound to root segments per mm? over a length of
3 mm for six independent root samples per plant line. Means were com-
pared by the Tukey-Kramer method that corrects for type I errors using
JMP Pro 9 (SAS Institute).

Generation of MTF1 promoter-EYFP transgenic plants
About 1.2 kb of the MTF1 promoter region was amplified with a forward
primer incorporating an Age I restriction site at the 5’ end and a reverse
primer incorporating the sequence encoding the first 10 amino acids of
MTF1 and a Bam HI restriction site. Primers are listed in table S2. The
amplification product was cloned into the Sma I site of pBluescript IT SK+.
The MTF'I promoter was excised with Age I and Bam HI and cloned into
these sites of pSAT6-EYFP-N1 (56) as a translational fusion with EYFP.
The expression cassette was cloned as a PI-Pspl fragment into pPZP-
RCS2-hptlI (56). The resulting plasmid was transformed into A. tumefaciens
GV3101 and used for floral dip transformation of Arabidopsis Col-0. Trans-
genic plants were selected on BS medium supplemented with hygromycin
(20 pg/ml).

Generation of Bl-1 At14a overexpression lines

Atl4a (At3g28290) was PCR-amplified from 200 ng of Arabidopsis Columbia
root cDNA with PfuTurbo DNA polymerase. Primer sequences are listed
in table S2. PCR products were cloned into the Sma I site of pBluescript I
SK+ (Stratagene). At/4a cDNA was excised with Kpn I and Sac I and
cloned into the binary vector pE1775 (54). The resulting construction was
introduced into 4. tumefaciens GV3101 by electroporation and used for
floral dip transformation (55) of Arabidopsis Bl-1. Transgenic plants were
selected on B5 medium containing hygromycin (20 pg/ml).

Phytohormone treatment of plant roots

Plants of Arabidopsis ecotypes Ws-2, Bl-1, Bla-2, Cal-0, Dijon-G, and
Petergof were grown as described (/8), and roots were excised and incu-
bated on callus-inducing medium for 0, 1, or 3 days before cutting into
segments and infection with A. tumefaciens A208 for tumorigenesis as-
says or strain At849 for transient GUS expression assays (/7).

For assessing the effect of cytokinins on MTF transcript abundance
and transformation, root segments from Arabidopsis Col-0 or Bl-1 were in-
cubated on MS medium supplemented with 0, 1.4, or 14 uM frans-zeatin
and cocultivated with either A. tumefaciens A348 or A281 for 48 hours.
Roots were infected with bacteria at 10° CFU/ml (Col-0) or 10 CFU/ml
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(BI-1). After infection, root segments were either transferred to MS basal
medium containing Timentin (100 pg/ml) and incubated for 4 to 5 weeks
before recording the percentage of root segments developing tumors, or
used for RNA isolation 48 hours later.

Agrobacterium attachment assays were conducted as described
above. Col-0 and BI-1 root segments were cocultivated with A281 at
10° or 108 CFU/ml, respectively, for 24 hours in the presence or absence
of 1.4 uM trans-zeatin.

Microarray analysis

Surface-sterilized seeds of wild type, m#fI-1, and mtfI-4 were germinated
in B5 medium, and seedlings were grown for 2 weeks at 23°C under a
16-hour light/8-hour dark photoperiod. Three biological replicates, each
consisting of 20 seedlings of each line transferred to liquid B5 medium,
were grown for 12 days. Roots were frozen in liquid N,. RNA was isolated
with TRIzol reagent (Invitrogen). Microarray experiments were performed
according to the Affymetrix GeneChip Expression Analysis Technical
Manual (http://www.affymetrix.com) using Arabidopsis ATHI Genome
Arrays (Affymetrix) at the Purdue University Genomics Center. GeneChip
operating software was used to produce CEL files containing raw probe
intensities for the arrays. Data from these files were read with “Biobase”
and “affy” packages in R/Bioconductor (57) for analysis of genomic data.
A background correction was performed on the perfect match intensities
to make signals from different chips comparable. A robust local regression
was used to normalize background-corrected data. Using the natural log of
the background-corrected, normalized data as the gene expression infor-
mation, we used an analysis of variance (ANOVA) as previously described
(58) to identify statistically significant probe sets that are differentially
expressed between two lines. To determine whether there was a statistical-
ly significant difference between two lines, it was sufficient to test whether
the line effect was different from zero. This ANOVA model was performed
for Col versus mtfI-1, Col versus mitfl-4, and mtfl1-4 versus mtfI1-1. Both
the false discovery rate approach (59) and Holm’s sequential Bonferroni
correction procedure (60) were used to adjust for multiple testing, with a
significance o of 0.05.

Statistical analysis

Data for root transformation assays and transcript abundance were ana-
lyzed by nonparametric pairwise comparisons using the Wilcoxon method
with JMP Pro 9 software (SAS Institute).

SUPPLEMENTARY MATERIALS

www.sciencesignaling.org/cgi/content/full/6/302/ra100/DC1

Fig. S1. Expression of MTF1 influences plant susceptibility to Agrobacterium-mediated
transformation.

Fig. S2. Silencing MTF1 by RNAI in roots of Arabidopsis ecotype BI-1 increases
transformation susceptibility.

Fig. S3. Decreased transient transformation of Col-0 roots inoculated with miaA mutant
A. tumefaciens.

Fig. S4. Phytohormone pretreatment of Arabidopsis roots increases susceptibility to
Agrobacterium-mediated transformation.

Fig. S5. MTF1 expression is negatively regulated by cytokinin treatment.

Fig. S6. Genes encoding cytokinin signaling pathway proteins are involved in Agrobacterium-
mediated transformation.

Fig. S7. Manipulation of Arabidopsis genes that are regulated by MTF1 increases suscep-
tibility to Agrobacterium-mediated transformation.

Table S1. Microarray data.

Table S2. Sequences of primers used.
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