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SUMMARY

Xanthomonas axonopodis pv. manihotis (Xam) employs transcrip-

tion activator-like (TAL) effectors to promote bacterial growth and

symptom formation during infection of cassava. TAL effectors are

secreted via the bacterial type III secretion system into plant cells,

where they are directed to the nucleus, bind DNA in plant promoters

and activate the expression of downstream genes. The DNA-binding

activity of TAL effectors is carried out by a central domain which con-

tains a series of repeat variable diresidues (RVDs) that dictate the

sequence of bound nucleotides. TAL14Xam668 promotes virulence in

Xam strain Xam668 and has been shown to activate multiple cas-

sava genes. In this study, we used RNA sequencing to identify the

full target repertoire of TAL14Xam668 in cassava, which includes over

50 genes. A subset of highly up-regulated genes was tested for

activation by TAL14CIO151 from Xam strain CIO151. Although

TAL14CIO151 and TAL14Xam668 differ by only a single RVD, they dis-

play differential activation of gene targets. TAL14CIO151 comple-

ments the TAL14Xam668 mutant defect, implying that shared target

genes are important for TAL14Xam668-mediated disease susceptibil-

ity. Complementation with closely related TAL effectors is a novel

approach to the narrowing down of biologically relevant susceptibil-

ity genes of TAL effectors with multiple targets. This study provides

an example of how TAL effector target activation by two strains

within a single species of Xanthomonas can be dramatically affected

by a small change in RVD–nucleotide affinity at a single site, and

reflects the parameters of RVD–nucleotide interaction determined

using designer TAL effectors in transient systems.

Keywords: Manihot esculenta (cassava), susceptibility (S)

gene, TAL14, transcription activator-like effector (TAL effector),
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INTRODUCTION

The transcription activator-like (TAL) effectors of plant-pathogenic

Xanthomonas species promote bacterial growth and disease

symptom formation in diverse plant hosts (Schornack et al.,

2013). After translocation into plant cells via the bacterial type III

secretion system, TAL effectors are targeted to the nucleus, where

they bind specific DNA sequences in gene promoters and activate

the expression of downstream genes (Boch and Bonas, 2010; Bog-

danove et al., 2010). TAL effectors have a modular architecture

consisting of an N-terminal region with a type III secretion signal,

a C-terminal region with nuclear localization signals and an acidic

activation domain, and a central repeat domain that mediates

DNA binding. A TAL effector’s specific function during disease pro-

gression is determined by the host gene(s) that it activates, mak-

ing the DNA-binding domain of particular interest, as it dictates

where in the plant genome the TAL effector will bind. Each repeat

mediates binding to a single consecutive nucleotide and the

sequence of nucleotides bound by a TAL effector is termed the

effector binding element (EBE).

The majority of polymorphism between repeats within a TAL

effector DNA-binding domain is at the 12th and 13th amino acids,

termed the repeat variable diresidues (RVDs). By observing the cor-

respondence of RVDs with specific nucleotides in known TAL effec-

tor–EBE pairs, the TAL effector–DNA binding ‘code’ was elucidated

(Boch et al., 2009; Moscou and Bogdanove, 2009). On the basis of

these association frequencies, the RVDs NG (asparagine–glycine,

Asn–Gly), NI (asparagine–isoleucine, Asn–Ile) and HD (histidine–

aspartic acid, His–Asp) have been shown to be highly specific for

thymine (T), adenine (A) and cytosine (C), respectively, whereas NS

(asparagine–serine, Asn–Ser) and NN (Asn–Asn) are less specific in

their nucleotide preference (Boch et al., 2009; Moscou and Bogda-

nove, 2009). Crystal structures of TAL effectors bound to their DNA

targets confirmed the one-to-one nature of RVD–nucleotide interac-

tion and showed that the 13th amino acid of the repeat interacts

directly with the DNA base, and is referred to as the base-specifying

residue (BSR) (de Lange et al., 2014; Deng et al., 2012; Mak et al.,

2012). The majority of natural TAL effector EBEs are directly pre-

ceded by a thymine (T0) which is required for efficient TAL effector

binding and gene activation (Boch et al., 2009; Doyle et al., 2013;

R€omer et al., 2009b, 2010).

The knowledge of the TAL effector–DNA binding code has

made it possible to predict potential EBEs in a genome, albeit

with a large number of false-positive predictions, and has enabled*Correspondence: Email: stask@berkeley.edu
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the development of TAL effector-based biotechnological applica-

tions, such as TAL effector nucleases (TALENs) (Bogdanove and Voy-

tas, 2011; Carroll, 2014; Joung and Sander, 2013; Sun and Zhao,

2013). Driven by the need for more specific and efficient DNA target-

ing by TAL effector-based biotechnologies, much has been clarified

in recent years with regard to the parameters that influence TAL

effector–DNA binding, such as RVD efficiency, RVD–nucleotide affin-

ity, polarity effects and the vicinity of EBEs to core promoter ele-

ments (Cernadas et al., 2014; Cong et al., 2012; Grau et al., 2013;

Meckler et al., 2013; Moore et al., 2014; Streubel et al., 2012). These

studies have primarily been performed using highly expressed artifi-

cial TAL effector–EBE pairs assayed transiently for activation

strength. The way in which RVD substitutions affecting TAL effector

binding efficiency affect the function of natural TAL effectors in the

context of their plant hosts is an open question.

Several TAL effector-targeted host genes have been shown to

promote disease susceptibility upon activation (Hutin et al., 2015).

The pepper (Capsicum annuum) transcription factor UPA20, a tar-

get of the TAL effector AvrBs3 from Xanthomonas euvesicatoria

(Xe), contributes to symptom formation by inducing cell hypertro-

phy (Kay et al., 2007). The sweet orange (Citrus sinensis) tran-

scription factor CsLOB1, which is targeted by multiple TAL

effectors from X. citri ssp. citri (Xcc), promotes pustule formation

and in planta bacterial growth (Hu et al., 2014; Li et al., 2014).

TAL2g of X. oryzae pv. oryzicola activates the predicted sulfate trans-

porter OsSULTR3;6 to promote symptom formation and bacterial

exudation from leaves of rice (Oryza sativa) (Cernadas et al., 2014).

SWEET sugar transporters have been established as important viru-

lence targets for TAL effectors of X. oryzae pv. oryzae (Xoo) and

X. axonopodis pv. manihotis (Xam) during bacterial blight of rice

and cassava (Manihot esculenta), respectively (Antony et al., 2010;

Chen et al., 2010, 2012; Cohn et al., 2014; Yang et al., 2006).

Cassava bacterial blight (CBB), which is elicited by Xam, is a

devastating disease of this staple food crop. Cassava is grown in

tropical and subtropical areas of Africa, Asia and South America,

and is an inexpensive source of dietary calories and nutrients for

millions of people in these regions (Howeler et al., 2013). Out-

breaks of CBB can cause extensive crop damage and few reports

of CBB resistance exist (reviewed in L�opez and Bernal, 2012;

Lozano, 1986). The recent surge of next-generation sequencing

technologies has allowed sophisticated questions regarding the

molecular interactions between Xam and its non-model host cas-

sava to be addressed (Arrieta-Ortiz et al., 2013; Bart et al., 2012).

In particular, TAL effectors have been shown to be important in

promoting Xam virulence (Castiblanco et al., 2012; Cohn et al.,

2014).

The highly virulent Xam strain Xam668 contains five TAL effec-

tors, two of which, TAL20Xam668 and TAL14Xam668, have been

shown to have virulence contributions (Cohn et al., 2014). TAL14-

Xam668 contributes to in planta bacterial growth and TAL20Xam668

promotes both bacterial growth and water-soaking symptom

development during CBB infection. RNA-Sequencing (RNA-Seq)

has revealed a single target gene for TAL20Xam668, MeSWEET10a,

a SWEET sugar transporter that has been shown to be responsible

for the TAL20Xam668-mediated susceptibility to CBB through the

use of designer TAL effectors (dTALEs), which independently acti-

vate MeSWEET10a and complement the TAL20Xam668 mutant phe-

notype (Cohn et al., 2014). A search for TAL effector targets

among the most highly up-regulated genes during Xam infection

of cassava leaves has revealed that TAL14Xam668 has multiple tar-

gets, which contrasts with TAL20Xam668’s activation of a single

gene.

For this study, we originally set out to identify the

TAL14Xam668-targeted gene responsible for the promotion of

in planta bacterial growth. We anticipated the testing of roughly

10 candidate target genes using dTALEs for complementation of

the TAL14Xam668 mutant phenotype. However, RNA-Seq revealed

that TAL14Xam668 is a promiscuous TAL effector with a collection

of over 50 target genes. We found that TAL14CIO151, which dif-

fers from TAL14Xam668 by a single repeat, is able to activate

only a small subset of the highly up-regulated gene targets

of TAL14Xam668. Nevertheless, TAL14CIO151 complements a

TAL14Xam668 mutant strain, suggesting that the TAL effectors

activate the same physiologically relevant host susceptibility (S)

gene(s). By analysis of the predicted EBEs for TAL14Xam668 and

TAL14CIO151 in the promoters of genes activated by one or both

TAL14 proteins, we found that this difference in gene activation

capability is consistent with known effects of differential RVD

specificity and nucleotide affinity. This study reveals the dramatic

impact of a single RVD difference on host targets in two natu-

rally occurring TAL effectors within a single species of Xanthomo-

nas, and demonstrates the use of highly similar TAL effectors as

tools to rapidly eliminate false-positive candidate S genes.

RESULTS

TAL14Xam668 is predicted to target many cassava

promoters

TAL14Xam668 has a large number of predicted target EBEs relative

to the other TAL effectors of Xam668 (Cohn et al., 2014). Target

predictions were generated by TALE-NT (2.0) Target Finder, which

identifies potential targets on the basis of the observed RVD–

nucleotide association frequencies (i.e. RVD specificity), but does

not take into account RVD efficiency or EBE location (Doyle et al.,

2012). The observation that TAL14Xam668 has a relatively large

number of predicted targets was confirmed when we ran Target

Finder on the 1-kb cassava promoterome, defined as 1 kb

upstream of the annotated transcriptional start sites, with more

stringent parameters than previously reported (Fig. 1a). We first

hypothesized that the number of TAL14Xam668 targets was large,
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because its small size (low repeat number) makes it more likely to

match a suitable nucleotide sequence at random than a TAL effec-

tor with more repeats. We compared the number of predicted tar-

gets for the Xam668 TAL effectors which have RVD numbers

ranging from 13 to 22, and found that TAL14Xam668 has more tar-

gets than would be expected given that it differs in length from

TAL13Xam668 and TAL15Xam668 by only one RVD (Fig. 1a).

We next speculated that TAL14Xam668 has a large number of

predicted targets because it contains a higher proportion of

RVDs with relaxed specificity. Of the RVDs present in Xam668

TAL effectors, HD, NG and NI are specific with a preference for

binding C, T and A, respectively, whereas the RVDs NN and NS

are less stringent in their nucleotide specificity (Moscou and

Bogdanove, 2009). We calculated the percentage of specific

RVDs (NI, NG, HD) present in the RVD sequence for each TAL

effector to determine whether TAL14Xam668 is generally less

specific. TAL14Xam668 has the lowest percentage of specific

RVDs (64.3%, 9/14); however, this percentage does not differ

greatly from that of TAL15Xam668, which has 66.7% (10/15) spe-

cific RVDs (Fig. 1b). Furthermore, the first 14 RVDs of TAL15-

Xam668 consist of the same percentage of specific RVDs as those

of TAL14Xam668, yet maintain a much smaller number of pre-

dicted targets in the 1-kb cassava promoterome (Fig. 1c). Both

TAL14Xam668 and TAL15Xam668 begin with the RVDs NI-NG-NI

which, together with a 50 T (T0), prefer to bind the sequence

TATA. Therefore, both TAL14Xam668 and TAL15Xam668 are likely

to have predicted target EBEs that are anchored in a TATA-box

sequence (TATAWA), showing that predicted binding to a core

promoter motif may contribute to TAL14Xam668’s apparent tar-

get promiscuity, but is not the only explanation (Butler and

Kadonaga, 2002). We conclude that TAL14Xam668 is predicted

to bind a group of nucleotide sequences that are relatively com-

mon in the cassava promoterome compared with the groups of

sequences predicted to be bound by the other TAL effectors of

Xam668. The consensus sequence for the top 5000 predicted

targets of TAL14Xam668 is displayed in Fig. 1d.

Fig. 1 TAL14Xam668 is predicted to target many cassava promoters. (a) Target effector binding elements (EBEs) for the transcription activator-like (TAL) effectors of

Xam668 and TAL14CIO151 were predicted using Target Finder (TALE-NT 2.0) in the 1-kb cassava promoterome. The predicted target number is plotted (left y-axis, bar

graph) for each TAL effector. The number in each TAL effector name is the number of repeat variable diresidues (RVDs) present in the protein. To visualize the effect

of RVD number on EBE prediction, we show the rate at which a correct EBE sequence would occur in the genome at random, where each RVD has a 25% chance of

being aligned to its preferred nucleotide (0.25RVD#) (right y-axis, line graph). (b) The percentage of specific RVDs (NI, NG, HD) for each Xam668 TAL effector is

plotted for comparison. (c) EBEs for the first 14 RVDs of TAL15Xam668 predicted as in (a) and plotted alongside the number of predicted targets of TAL14Xam668 and

TAL15Xam668 for comparison. (d) The consensus predicted EBE for the top 5000 predicted TAL14Xam668 EBEs in the 1-kb cassava promoterome, together with the

RVD sequence of TAL14Xam668.
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RNA-Seq identifies targets of TAL14Xam668

The prediction of TAL effector target EBEs using only RVD–

nucleotide association frequencies results in many false-positive

predictions, making transcriptomic approaches necessary to

identify true TAL effector targets (Cohn et al., 2014; Grau

et al., 2013). We conducted an RNA-Seq experiment to iden-

tify the full repertoire of genes activated by TAL14Xam668

because of its large number of predicted targets and also

because of the virulence defect seen in the TAL14Xam668

mutant strain (Cohn et al., 2014). Xe strain 85-10, which does

not cause disease on cassava and has no TAL effectors of its

own, was used to deliver TAL14Xam668 to cassava leaf tissue

independently of the other TAL effectors of Xam668 (Cohn

et al., 2014). We compared genes that were up-regulated in

leaf tissue infiltrated with mock inoculation (10 mM MgCl2)

versus Xam668, and those that were up-regulated between Xe

and Xe(TAL14) at a single time point (48 h post-inoculation,

hpi). The genes present in both comparisons were designated

as potential targets of TAL14Xam668 (Fig. 2). We found a total

of 52 genes up-regulated in a TAL14Xam668-dependent manner

[log2(fold change) >1, fragments per kilobase transcript per

million mapped reads (FPKM) difference >5] (Fig. 3). These

target genes encode a range of proteins, including pectate

lyases and other cell wall-modifying enzymes, EamA-like/

MtN21 transporters, several proteases, glyceraldehyde-3-

phosphate dehydrogenases, leucine-rich repeat (LRR) kinases,

and proteins of unknown function.

We validated the TAL14Xam668-dependent activation of the 26

most highly activated genes through semi-quantitative reverse

transcription-polymerase chain reaction (RT-PCR) of cassava leaf

tissue inoculated with wild-type Xam668 and a mutant Xam668

strain missing the plasmid segment (ps) which encodes the

TAL14Xam668 gene (Xam668DTAL14ps) (Figs 4a, S1a, b, see Sup-

porting Information). Xam668DTAL14ps is a markerless strain

that shows the same bacterial growth defect as the previously

studied TAL14Xam668 knockout strain (Xam668DTAL14), and is

fully complemented by the introduction of wild-type TAL14Xam668

(Fig. 5a) (Cohn et al., 2014). Twenty-five of the 26 tested genes

are up-regulated by TAL14Xam668 alone. As the activation of cas-

sava4.1_009347 was induced by Xam668, but also by

Xam668DTAL14ps, we tested for activation by the other Xam668

TAL effectors, and found that both TAL14Xam668 and TAL22Xam668

activate this gene (Fig. S2, see Supporting information).

TAL14CIO151 from Xam strain CIO151 activates a subset

of TAL14Xam668 targets

Xam strain CIO151 has two TAL effectors: TAL14CIO151 and

TAL21CIO151 (Bart et al., 2012). Growth assays of CIO151 and

a TAL14CIO151 knockout strain (CIO151DTAL14) showed that

TAL14CIO151 promotes in planta bacterial growth (Figs 5b and

S1c). TAL14Xam668 and TAL14CIO151 have identical amino acid

sequences, except for three amino acid differences in the fifth

DNA-binding domain repeat (Fig. 6a) (Bart et al., 2012). The fifth

RVD of TAL14Xam668 is NG which preferentially interacts with T,

whereas the fifth RVD of TAL14CIO151 is NI which preferentially

interacts with A. Similar to the observations for TAL14Xam668,

TAL14CIO151 has an unexpectedly high number of predicted EBEs

in the 1-kb cassava promoterome (Fig. 1a). Using semi-

quantitative RT-PCR, we tested the ability of TAL14CIO151 to acti-

vate the top targets of TAL14Xam668. Given the similarity between

the two TAL14 proteins, we were surprised to find that TAL14-

CIO151 was only able to activate 10 of the 26 top TAL14Xam668 tar-

gets (Fig. 6b). We subsequently refer to the group of genes

activated by both TAL14Xam668 and TAL14CIO151 as group 1, and

to the group of genes activated by only TAL14Xam668 as group 2

(Figs 3 and 6b). Gene targets were tested for activation in the

presence of 50 mM cycloheximide (CHX), an inhibitor of eukaryotic

protein synthesis, to determine whether they were direct targets

of the TAL14 proteins (Fig. S3, see Supporting information). All

targets were directly activated, except the group 2 gene, cas-

sava4.1_022534. Gene groups 1 and 2 were not distinguished by

common function: group 1 contains two pectate lyases, two

proteases and a mannose-binding lectin, among others; group 2

contains an acyl transferase, a glycosyl transferase, two EamA-like

transporters and multiple proteins with no annotated domains,

among others.

Fig. 2 Venn diagram illustrating the RNA-Sequencing (RNA-Seq)

experimental approach to identify TAL14Xam668 targeted genes. Cassava leaf

tissue was infiltrated with strains at an optical density at 600 nm (OD600) of

0.5 and collected after 48 h. RNA-Seq analysis identified genes up-regulated

[log2(fold change) >1 and fragments per kilobase transcript per million

mapped reads (FPKM) difference >5] by both Xanthomonas axonopodis pv.

manihotis (Xam) strain Xam668 compared with mock inoculation (10 mM

MgCl2) and by X. euvesicatoria 85-10 delivering TAL14Xam668 [Xe(TAL14)]

versus wild-type Xe as potential TAL14Xam668 targets. The total number of

genes identified in each group is displayed.
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Fig. 3 RNA-Sequencing (RNA-Seq) reveals 52 genes activated in a TAL14Xam68-dependent manner. Genes activated by TAL14Xam668 are defined as showing

log2(fold change) > 1 and fragments per kilobase transcript per million mapped reads (FPKM) difference > 5 in both the mock versus Xanthomonas axonopodis pv.

manihotis (Xam) strain Xam668 and Xanthomonas euvesicatoria (Xe) versus Xe(T14) comparisons. For each cassava gene, FPKM values for mock, Xam668, Xe and

Xe(T14) are listed and colour coded by value, together with the log2(fold change) between mock and Xam668 (m v 668), and between Xe and Xe(T14) [X v X(14)].

Genes are listed by decreasing values for the latter comparison. Phytozome gene annotations are listed, together with the assigned promoter group (NT, not tested).

*Only gene numbers are shown; full gene names are cassava4.1_xxxxxx, where XXXXXX represents the unique 6-digit gene number shown above.
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To gain more information with regard to why TAL14CIO151 is

able to activate some of the targets of TAL14Xam668 and not

others, we decided to compare the consensus of the predicted

EBEs for TAL14Xam668 and TAL14CIO151 in the directly targeted pro-

moters of groups 1 and 2 using two EBE prediction programs: Tar-

get Finder (TALE-NT 2.0) and TALgetter (Doyle et al., 2012; Grau

et al., 2013). Target Finder takes into account only RVD–nucleo-

tide association frequencies (i.e. binding specificity), whereas TAL-

getter takes into account RVD binding specificity, the positive

contribution of binding efficiency (i.e. the strength of a matching

RVD–nucleotide interaction) and the negative penalty for non-

matching RVD–nucleotide pairs. The gene promoters of groups 1

and 2 were defined as 300 bp upstream of the start codon, a

region which has been shown to be enriched in TAL effector tar-

get sites (Grau et al., 2013).

Both the Target Finder and TALgetter analyses showed a

greater occurrence of an A at position 5 in the group 1 consensus

TAL14CIO151 EBE than in the group 2 consensus TAL14CIO151 EBE.

This was in contrast with position 5 of the consensus TAL14Xam668

EBE for the group 1 and 2 promoters, which showed a roughly

equal occurrence of an A or T at this position in both promoter

groups (Figs 7 and S4, see Supporting Information). There was also

a better consensus for a canonical TATA-box (TATAWA) in the group

1 consensus TAL14CIO151 EBE versus group 2 (Butler and Kadonaga,

2002) (Figs 7 and S4). We compared the average normalized EBE

scores for the TAL14Xam668 and TAL14CIO151 Target Finder-predicted

Fig. 4 Confirmation of

TAL14Xam668-dependent target

activation by semi-quantitative

reverse transcription-polymerase

chain reaction (RT-PCR). The 26

most highly activated

TAL14Xam668 targets were

confirmed by semi-quantitative

RT-PCR. Gene expression was

measured at 48 h post-

inoculation (hpi) in leaf tissue

inoculated with mock infiltration

(10 mM MgCl2), Xam668,

Xam668DTAL14ps and

Xam668DTAL14ps(T14) strains at

an optical density at 600 nm

(OD600) of 0.5.
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EBEs in the two promoter groups. The average normalized EBE

scores were the same for TAL14Xam668 and TAL14CIO151 in the group

2 promoters (3.1), whereas, in the group 1 promoters, the average

normalized score for the TAL14CIO151 EBEs (2.8) was lower (i.e. bet-

ter) than the average normalized score for the TAL14Xam668 EBEs

(3.0), indicating a stricter requirement for ideal alignment in pro-

moters which are activated by TAL14CIO151.

TAL14CIO151 complements Xam668DTAL14ps in growth

assays

dTALEs that directly activate Xanthomonas TAL effector targets

have been used to complement TAL effector mutant phenotypes

and to attribute the promotion of disease susceptibility to the acti-

vation of specific genes (Cernadas et al., 2014; Cohn et al., 2014;

Hu et al., 2014; Li et al., 2014; Morbitzer et al., 2010).

dTALEs were made for eight of the highly up-regulated

previously published TAL14Xam668 targets and conjugated into

Xam668DTAL14ps (Cohn et al., 2014). Of the dTALE targets, four

are in group 1 (cassava4.1_007568, cassava4.1_007516, cas-

sava4.1_034150 and cassava4.1_024404) and four are in group 2

(cassava4.1_031361, cassava4.1_026121, cassava4.1_026646

and cassava4.1_020499). Xam668DTAL14ps (dTALE) strains

were then tested for target gene activation and complementation

of the TAL14Xam668 mutant growth defect (Fig. S5, see Supporting

information). No single tested target or target class promoted

growth to the same level as complementation with TAL14Xam668.

Given the level of variability inherent in growth assays, we

were not able to detect any statistically significant partial

complementation by the tested dTALEs. When RNA-Seq revealed

the large number of genes activated by TAL14Xam668, the dTALE

approach became unfeasible in the timeframe of our study and

we turned to TAL14CIO151 as a tool to narrow down candidate S

genes that might be important for CBB susceptibility.

TAL14CIO151 was conjugated into Xam668DTAL14ps on a

plasmid and the resulting strain was tested for complementa-

tion of the mutant bacterial growth defect. TAL14CIO151 pro-

moted growth to wild-type levels in Xam668DTAL14ps whilst

Fig. 5 TAL14CIO151 complements Xam668DT14ps and TAL14Xam668 complements CIO151DT14 in bacterial growth assays. (a, b) Bacterial populations at leaf

midvein inoculation points were measured at days 0 and 6. Data are represented as the mean colony-forming units (CFU) per 0.6-cm2 leaf disc encompassing the

inoculation point (6 standard deviation). *Significantly lower growth than Xam668, two-tailed t-test, P < 0.001. **Significantly lower growth than CIO151, two-

tailed t-test, P < 0.005. CIO151DTAL14(TAL14Xam668) and CIO151DTAL14(TAL14CIO151) grow to higher levels than CIO151DTAL14 (P 5 0.054 and 0.016,

respectively). Growth assays were repeated four times with similar results. (c) Semi-quantitative reverse transcription-polymerase chain reaction (RT-PCR) of a group

1 gene (cassava4.1_007568) and a group 2 gene (cassava4.1_022805) is displayed to show that the TAL14 proteins retain their gene activation specificities in a

non-native context.
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maintaining its target specificity (Fig. 5a,c), indicating that,

although TAL14CIO151 activates only a subset of TAL14Xam668-

activated genes, the two TAL effectors are functionally inter-

changeable. We found that TAL14Xam668 also complemented

the growth defect seen in CIO151DTAL14 in a manner similar

to TAL14CIO151 (Fig. 5b). This result indicates that one or more

of the group 1 genes are important for susceptibility to CBB.

DISCUSSION

TAL14Xam668 of Xam strain Xam668 promotes bacterial growth in

the host plant cassava (Cohn et al., 2014). In this study, we used

RNA-Seq to identify the full repertoire of genes activated by

TAL14Xam668 in the cassava genome. We tested the 26 most

highly up-regulated TAL14Xam668 targets for activation by

TAL14CIO151 from Xam strain CIO151, whose RVD sequence differs

Fig. 6 TAL14Xam668 and TAL14CIO151 differ by one repeat variable diresidue (RVD) and differentially activate host target genes. (a) Amino acid alignment of the fifth

DNA-binding domain repeat of TAL14Xam668 and TAL14CIO151. RVDs are coloured red. (b) Semi-quantitative reverse transcription-polymerase chain reaction (RT-PCR)

of leaf tissue inoculated with mock inoculation (10 mM MgCl2), Xanthomonas axonopodis pv. manihotis (Xam) strain CIO151, CIO151DTAL14,

CIO151DTAL14(TAL14CIO151), X. euvesicatoria (Xe) and Xe(TAL14Xam668) at an optical density at 600 nm (OD600) of 0.5, and collected at 48 h post-inoculation (hpi),

shows activation of genes by both TAL14Xam668 and TAL14CIO151 (group 1 genes), or by TAL14Xam668 only (group 2 genes).
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from that of TAL14Xam668 at the fifth repeat in the DNA-binding

domain. The fifth RVD of TAL14Xam668 is NG, whereas the fifth

RVD of TAL14CIO151 is NI. We found that TAL14CIO151 only acti-

vates a subset of the TAL14Xam668 targets because of the stricter

binding requirement of NI to A, yet is able to complement the

in planta growth defect of a Xam668 strain lacking TAL14Xam668,

implying that shared targets of the two TAL14 variants are respon-

sible for TAL14Xam668’s contribution to virulence.

TAL14Xam668 and TAL14CIO151 are predicted to bind a large

number of EBEs in the cassava promoterome when these EBEs are

predicted on the basis of the original TAL effector–DNA binding

code which assigns binding scores on the basis of RVD specificity

(Doyle et al., 2012; Moscou and Bogdanove, 2009). The dispro-

portionately large number of predicted targets for TAL14Xam668

and TAL14CIO151 cannot be explained by RVD number or non-

specific RVD content alone. By comparing EBE predictions among

the Xam668 TAL effectors, we believe that the best explanation

for the large number of predicted targets is that the TAL14 pro-

teins are predicted to bind a group of nucleotide sequences that

are relatively common in the cassava promoterome compared

with the groups of sequences predicted to be bound by the other

TAL effectors of Xam668. The consensus of the top 5000 pre-

dicted TAL14Xam668 targets reveals that TAL14Xam668 is predicted

to target AT-rich promoter sequences, and that the motif ‘TATA-T-

AA-T- - AT’ may be a relatively common sequence in cassava pro-

moters, where the dashes indicate variable sites.

The original TAL effector–DNA binding code revealed a level

of degeneracy in RVD–nucleotide specificity (Boch et al., 2009;

Moscou and Bogdanove, 2009). Given this ability for RVDs to

occasionally bind imperfectly to mismatched nucleotides, it was

surprising that TAL14CIO151 only activates 10 of the 26 tested tar-

gets of TAL14Xam668, despite the two proteins differing by only a

single RVD. However, this result is supported by those of recent

studies regarding the parameters that influence TAL effector bind-

ing, including RVD efficiency and nucleotide affinity, polarity

effects, the distance of EBE to the transcriptional start site and the

vicinity of EBEs to core promoter elements, such as the TATA-box

(Cernadas et al., 2014; Cong et al., 2012; Grau et al., 2013;

Meckler et al., 2013; Moore et al., 2014; Pereira et al., 2014;

Streubel et al., 2013).

We compared the consensus EBEs for TAL14Xam668 and

TAL14CIO151 in the promoters of group 1 genes (which are acti-

vated by both TAL14Xam668 and TAL14CIO15) and group 2 genes

(which are only activated by TAL14Xam668). Although the fifth RVD

of TAL14Xam668 (NG) appears to tolerate binding to both T and A,

the fifth RVD of TAL14CIO151 (NI) has a stricter requirement for

binding A in order to activate gene expression. The RVDs NG and

NI form relatively weak van der Waals’ interactions with their cor-

responding nucleotides and are considered weak in their binding

efficiency, yet are still highly specific in their preference for T and

A, respectively (Deng et al., 2012; Mak et al., 2012; Streubel

et al., 2012). Interestingly, the specificity of NG for T comes from

the glycine residue allowing space for the 5-methyl group of thy-

mine, and this space probably accommodates mismatched nucleo-

tides, whereas the bulkier side chain of isoleucine does not (Deng

et al., 2012; Mak et al., 2012). In addition, the relative affinity of

NI and NG for their corresponding nucleotides is different, with NI

having an affinity for A that is about three times the strength of

the affinity of NG for T (Cong et al., 2012; Moore et al., 2014).

The affinity of NI for A is 22 times its affinity for T, whereas the

affinity of NG for T is only about 2.5 times its affinity for A (Cong

et al., 2012; Moore et al., 2014). Therefore, TAL14CIO151 has an

RVD at position 5 with a stronger preference for its corresponding

nucleotide than does TAL14Xam668 and, consistent with our find-

ings, is less likely to functionally bind mismatched nucleotides.

The RVD difference between TAL14Xam668 and TAL14CIO151

occurs towards the N-terminus of the DNA-binding domain (RVD5

of 14), where mismatches are less likely to be tolerated (Meckler

et al., 2013; R€omer et al., 2010). In addition, TAL14Xam668 and

TAL14CIO151 both appear to prefer binding to a TATA-rich

sequence, with TAL14CIO151 showing a strong requirement for

binding the canonical TATA-box (TATAWA) if gene activation is to

be achieved. Because a preference for binding a TATA-box has

been seen for multiple TAL effectors, it is widely speculated that

EBE overlap with this core promoter motif has functional signifi-

cance (Antony et al., 2010; Boch et al., 2009; Grau et al., 2013;

Pereira et al., 2014; R€omer et al., 2010). Several non-mutually

exclusive reasons why EBEs may overlap with the TATA-box motif

have been proposed. These include a requirement to bind regions

of open chromatin, to cooperate with host factors for transcription

initiation, to create a functional gene product by having the cor-

rect translational start site, and to bind in the ‘safe haven’ of the

TATA-box where sequence changes through mutation are unlikely

because of the resulting negative effects on endogenous transcrip-

tion by the host (Grau et al., 2013).

Although the TAL effector–DNA binding code is a powerful

tool, many false-positive predictions are made when using associ-

ation frequencies alone to predict TAL effector targets (Cohn

et al., 2014; Grau et al., 2013). We anticipated that most of our

predicted TAL14Xam668 targets were likely false positives, prompt-

ing us to undertake a transcriptomic approach to identify true tar-

gets of TAL14Xam668. RNA-Seq revealed that TAL14Xam668

activates 52 cassava genes. In contrast, TAL20Xam668 was shown

to target only a single gene, MeSWEET10a, a sugar transporter

that promotes bacterial growth and water-soaking symptom

development during the CBB disease process (Cohn et al., 2014).

It is unclear whether TAL14Xam668 targets a conserved core pro-

moter motif that activates many off-target genes, but only one is

truly required to promote disease, or whether TAL14Xam668 acti-

vates multiple genes whose collective over- or ectopic expression
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promotes disease. What we do know is that TAL14CIO151 comple-

ments the growth defect seen in Xam668DTAL14ps in a manner

identical to TAL14Xam668, indicating that one or several of the tar-

get genes in group 1 are important for disease susceptibility. We

point out that we only tested the 26 most highly up-regulated

genes, and so other group 1 genes may exist. For example, cas-

sava4.1_014976 was predicted to be a virulence target of TALE-

Xam1 (which has an RVD sequence identical to TAL14CIO151) based

on gene expression analysis and EBE prediction, although its role

in susceptibility was not experimentally validated (Mu~noz-Bodnar

et al., 2014). This gene was also activated by TAL14Xam668 with a

mock versus Xam668 log2(fold change) of 2.4, and was thus out-

side the group of targets tested here for TAL14CIO151 activation.

dTALEs are a useful tool for the implication of single TAL effec-

tor targets as S genes (Cernadas et al., 2014; Cohn et al., 2014;

Hu et al., 2014; Li et al., 2014). Previously, it has been observed

that when a TAL effector targets more than one gene, the activa-

tion of only one of the genes is sufficient to complement the TAL

effector mutant phenotype. Of the two gene targets of Xoc Tal2g

in rice, only dTALEs targeting OsSULTR3;6 complement the

mutant phenotype, and, of the two gene targets of the TAL

effector PthA4 in citrus, only dTALEs targeting CsLOB1 comple-

ment the mutant phenotype (Cernadas et al., 2014; Hu et al.,

2014; Li et al., 2014). We tested eight of the highly up-regulated

targets that were identified in our previously published Xam TAL

effector study for their role in the promotion of growth in the

TAL14Xam668 mutant background, but did not identify a single S

gene (Cohn et al., 2014).

Given the deduced role of group 1 genes in the promotion

of CBB, we utilized the program Mapman to assign these

genes to functional categories, and found that half of them are

predicted to be involved in responses to biotic stress (Thimm

et al., 2004). These include the proteases cassava4.1_033289 and

cassava4.1_024404, the mannose-binding lectin cassava4.1_03

4150, and the pectate lyases cassava4.1_007516 and cassava

4.1_007568.

The pectate lyases are particularly interesting, given that plant

pectin modification is seen during Xam infection of cassava (Boher

et al., 1995). Xam-infected xylem vessels were found to be

occluded by pectinaceous material associated with tyloses, which

are outgrowths of the xylem parenchyma that form blockages in

xylem vessels as a defence against the spread of vascular

Fig. 7 Consensus predicted TAL14CIO151

effector binding elements (EBEs) in group 1

promoters show a strict requirement for an A

at position 5. TALgetter (1.0) was used to

predict EBEs for TAL14Xam668 and TAL14CIO151

in group 1 and 2 promoters (Grau et al.,

2013). The consensus EBE for each group is

displayed with position 5 outlined by broken

lines. The height of the consensus indicates

the nucleotide conservation at that site

(measured in bits), whereas the heights of the

nucleotides within the consensus reflect their

relative frequency. TAL14Xam668 and

TAL14CIO151 repeat variable diresidue (RVD)

sequences are displayed.
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pathogens (Yadeta and Thomma, 2013). Secretion of pectin dur-

ing tylose formation is thought to plug spaces not occluded by the

tylose itself (Rioux et al., 1998). The assumption that TAL effectors

activate genes important for susceptibility would lead one to

hypothesize that Xam is activating plant pectate lyases as a way

to degrade these occlusive materials.

Interestingly, a dTALE activating the TAL effector-targeted pec-

tate lyases (dT_007568, 007516) expressed by Xam668DTAL14ps

resulted in fewer colony-forming units (CFU) at the site of midvein

inoculation than Xam668DTAL14ps. It is possible that the activ-

ities of the pectate lyases actually have negative effects on Xam

growth by aiding in the secretion of pectinaceous vessel-occluding

material. In this scenario, the pectate lyases would be similar to

executor (E) genes, which are TAL effector-activated genes that

promote disease resistance (Gu et al., 2005; R€omer et al., 2007;

Schornack et al., 2013; Strauß et al., 2012; Tian et al., 2014). It

would then follow that the negative effects of pectate lyase acti-

vation would be overcome by other targets of TAL14Xam668 which

promote disease susceptibility.

Another group 1 target, the MtN21/EamA-like transporter cas-

sava4.1_009347, is of interest as it is targeted by TAL14CIO151,

TAL14Xam668 and TAL22Xam668, and may therefore be a virulence

hub (Hutin et al., 2015). MtN21/EamA-like transporters have been

associated with both amino acid and auxin transport (Denance

et al., 2014). The Arabidopsis MtN21/EamA-like transporter AtU-

MAMIT18/SlAR1 is thought to be involved in amino acid loading

of the apoplasm and the xylem, and is primarily expressed in vas-

cular tissues of source leaves (Ladwig et al., 2012). Similar to

TAL20Xam668, which probably activates MeSWEET10a to promote

the accumulation of a carbon source in the apoplasm at the site

of bacterial infection, TAL14Xam668 may be activating cas-

sava4.1_009347 to export amino acids into the apoplasm to be

used as a bacterial nitrogen and carbon source.

Studies of RVD efficiency have been primarily performed using

highly expressed artificial TAL effector–EBE pairs in transient

reporter assays. In this study, we have shown that a single repeat

difference in two TAL effectors within one species of Xanthomo-

nas can have a dramatic effect on target activation that is consist-

ent with the RVD–nucleotide binding parameters that have been

determined through studies using artificial TAL effector–EBE pairs.

TAL14 proteins from Xam strains Xam668 and CIO151 promote

bacterial growth in the host plant cassava, making strategies of

resistance in response to these proteins likely to be effective

(Dangl et al., 2013). One resistance strategy against TAL effectors

that activate known S genes is the targeted editing of the TAL

effector EBE in the S gene promoter, so that it is no longer acti-

vated on infection (Li et al., 2012). The identification of biologi-

cally relevant TAL effector-targeted S genes is made difficult

when TAL effectors have multiple targets, as is the case with

TAL14Xam668 (Wilkins et al., 2015). Although we demonstrated

the use of TAL14CIO151 as a tool to narrow down the biologically

relevant S gene targets of Xam, the identification of a single

TAL14-targeted S gene target awaits future study. In the absence

of known S genes, a feasible resistance strategy is an executor (E)

gene approach, in which a resistance-triggering gene is engi-

neered downstream from a TAL14-targeted promoter, so that

Xam is ‘tricked’ into activating resistance on infection (Boch et al.,

2014; Hummel et al., 2012; R€omer et al., 2009a; Schornack et al.,

2013). The ideal E gene promoter would be activated by as many

strains as possible. The results of this study show that, in order to

determine whether an E gene construct will be effective against a

group of TAL14-containing Xam strains, we require a knowledge

of not only whether they contain a TAL effector of the appropriate

size, but also the TAL effector RVD sequence and binding capacity

for the E gene promoter. Our collective findings on the TAL effec-

tors of Xam suggest that stacking promoter mutations that abolish

TAL20Xam668-mediated MeSWEET10a activation with transforma-

tion of a TAL14Xam668/TAL20Xam668-targeted E gene construct will

generate cassava plants with increased durable resistance to CBB.

EXPERIMENTAL PROCEDURES

TAL effector target prediction with TALE-NT (2.0)

Target Finder

For the prediction of targets of Xam668 TAL effectors, Target Finder

searched the cassava promoterome (1 kb upstream of the annotated tran-

scriptional start sites, cassava genome version 4.1) (Doyle et al., 2012;

Prochnik et al., 2012). Only the forward DNA strand was searched and a

50 T (T0) was required. Each TAL effector was assigned a best binding

score given its RVD sequence, and sites within a three-fold cut-off of this

score were considered as potential EBEs.

For the prediction of targets of TAL14Xam668 and TAL14CIO151 in group

1 and 2 target promoters, Target Finder searched 300 bp upstream of the

gene start codons (cassava genome version 4.1). Only the forward DNA

strand was searched and a 50 T (T0) was required. Each TAL effector was

assigned a best binding score given its RVD sequence, and sites within a

3.5-fold cut-off of this score were considered as potential EBEs.

TAL effector target prediction with TALgetter

TALgetter (version 1.0) predicted targets of TAL14Xam668 and TAL14CIO151

in group 1 and 2 target promoters 300 bp upstream of the gene start

codons (cassava genome version 4.1) (Grau et al., 2013; Prochnik et al.,

2012). Computation of P values was fine-grained, and the maximum P

value was set at 1e-2. The TALgetter standard model was used for model

training.

TAL effector mutant and complementation constructs

CIO151DTAL14 was generated through integration of a suicide vector

into the TAL14CIO151 coding region, as described by Cohn et al. (2014).

The loss of TAL14CIO151 in CIO151DTAL14 was confirmed by Western
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blot. A TAL14CIO151 complementation construct was generated as

described for TAL14Xam668 (Cohn et al., 2014).

Xam668DTAL14ps was generated by cycling Xam668 on rifampicin

(100 mg/mL) and screening for TAL effector loss by Southern blot. Visual-

ization of plasmids by agarose gel electrophoresis revealed a loss of

TAL14Xam668 ps. Xam668DTAL14ps was complemented with TAL14Xam668,

as described by Cohn et al. (2014).

Plant inoculations and virulence assays

For midvein growth assays, 5-mL drops of bacterial suspension at an opti-

cal density at 600 nm (OD600) of 0.2 were placed in 2-mm holes made in

leaf midveins of 2–4-month-old cassava plants (cultivar TMS60444).

Approximately 0.6-cm2 leaf discs were taken with inoculation points

exactly in the middle and ground in 10 mM MgCl2 in a beadbeater. Serial

dilutions were plated on the appropriate selection plus CHX to inhibit fun-

gal growth. A detailed description of the midvein growth assay protocol is

given in Cohn et al. (2015).

TAL14Xam668 RNA-Seq

Plant inoculations for RNA-Seq

Xam and Xe grown on nutrient yeast glycerol agar (NYGA) plates supple-

mented with rifampicin (100 lg/mL), or rifampicin and kanamycin (25 lg/

mL) for Xe(TAL14Xam668), were re-suspended in 10 mM MgCl2 at

OD600 5 0.5. Abaxial nicks were made on leaves of cassava cultivar

TMS60444 with a razor blade and culture was injected into the leaf via a 1-

mL needleless syringe. Mock infiltrations were performed with 10 mM

MgCl2. Tissue was harvested and frozen at 48 hpi.

Library preparation

Total RNA from inoculated leaf tissue (30–50 mg) was extracted with the

Spectrum Plant Total RNA Kit (Sigma-Aldrich, St. Louis, MO, USA), with

an on-column DNaseI digestion step included. RNA quality was checked

by Bioanalyzer [RNA pico chip, Functional Genomics Laboratory (FGL), UC

Berkeley, CA, USA]. RNA-Seq libraries were made using the TruSeq RNA

sample preparation kit, v2, adapter set B (Illumina, San Diego, CA, USA),

starting with 1 mg of total RNA. Library quality was assessed by Bioana-

lyzer (DNA 1000 chip, FGL). Quantification by quantitative PCR and pool-

ing of samples were carried out at UC Berkeley’s Genomics Sequencing

Laboratory (GSL). Libraries were sequenced at GSL in a single lane of an

Illumina HiSeq 2000, generating 100-bp paired-end reads.

Data analysis

TAL14Xam668 RNA-Seq data analysis was carried out using the Gal-

axy platform (Blankenberg et al., 2001; Giardine et al., 2005;

Goecks et al., 2010). Reads were trimmed using Trim Galore with

default settings (Cutadapt version 1.2.1) (Martin, 2011). Data

quality was assessed using FastQC:ReadQC (version 0.51).

Trimmed reads were aligned to cassava reference genome

AM560-2 version 4.1 by Tophat2 (version 0.5; mean inner dis-

tance, 150; N mode; min intron, 45 bp; max intron, 5 kb; all other

parameters set at default) (Prochnik et al., 2012; Trapnell et al.,

2009). We allowed two mismatches per read to accommodate

single nucleotide polymorphisms (SNPs) between our experimen-

tal cultivar TMS60444 and the sequenced cultivar AM560-2. Tran-

script assembly was carried out by Cufflinks (version 0.0.5) using

the reference annotation as a guide (Trapnell et al., 2010). Quar-

tile normalization, bias correction and multi-read correction were

enabled. Cuffmerge (version 0.0.5) merged the cufflinks output

from the various datasets (treatments) and differential gene

expression analysis was carried out by Cuffdiff (version 0.0.5; false

discovery rate, 0.05; enabled quartile normalization, bias correc-

tion and multi read correction) (Trapnell et al., 2012). Results

were filtered for log2(fold change) >1.0 and FPKM difference >5

for genes activated by Xam668 versus mock infiltration, and by

Xe(TAL14) versus Xe alone. Genes that were statistically signifi-

cantly up-regulated (P < 0.001) in at least one of the two compar-

isons were considered.

Semi-quantitative RT-PCR analysis

Semi-quantitative RT-PCR was carried out as described by Cohn

et al. (2014). Primers and corresponding PCR cycle numbers are

listed in Table S1 (see Supporting Information). For CHX treat-

ments, bacterial infiltrations were performed with suspensions

containing 50 mM CHX. Actin (gene ID cassava4.1_009807) was

used as a control for all RT-PCRs.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online

version of this article at the publisher’s website:

Fig. S1 Xanthomonas axonopodis pv. manihotis (Xam) strain

Xam668DTAL14ps is missing the TAL14Xam668 plasmid segment.

(a) Western blot showing the absence of TAL14Xam668 protein

expression (marked by an asterisk) in Xam668DTAL14ps

(Xam668DT14ps), and restoration of TAL14Xam668 expression in the

complemented line [Xam668DT14ps(T14)]. (b) Plasmid preparation

of Xam668DTAL14ps (Xam668DT14ps) shows a downward shift in

the middle TAL14Xam668-containing plasmid (marked by an asterisk),

indicating loss of the TAL14Xam668 plasmid segment. (c) Western

blot showing the absence of TAL14CIO151 protein expression (marked

by an asterisk) in Xam strain CIO151DTAL14 (CIO151DT14).

Fig. S2 TAL14Xam668 and TAL22Xam668 increase the expression

of cassava4.1_009347. Semi-quantitative reverse transcription-

polymerase chain reaction (RT-PCR) of cassava4.1_009347

expression at 48 h post-inoculation (hpi) in leaf tissue inocu-

lated at an optical density at 600 nm (OD600) of 0.5 with Xan-

thomonas euvesicatoria (Xe) 85-10 delivering each of the five

Xam668 transcription activator-like (TAL) effectors.

Fig. S3 Group 1 and group 2 genes are directly activated by

Xam TAL14 proteins. Xanthomonas axonopodis pv. manihotis

(Xam) strains Xam668 and CIO151 and mock (10 mM MgCl2)

were inoculated into cassava leaves in the presence of 50 mM

cycloheximide (CHX) and harvested at 24 h post-inoculation

(hpi). Genes activated above background levels in the presence

of CHX are direct targets of their corresponding TAL14 pro-

teins. The polymerase chain reaction (PCR) cycle number for

each gene primer set is listed in Table S1 (see Supporting Infor-

mation). *30 PCR cycles were required for the visualization of

cassava4.1_023665 transcripts at 24 hpi. Actin expression is

shown for all samples as a loading control, and the expression

of cassava4.1_009922 is shown as a control for the effect of

CHX on secondary transcript accumulation. Genes that have

been shown previously to be direct targets of TAL14Xam668 are

referenced (Cohn et al., 2014).

Fig. S4 Consensus TAL14Xam668 and TAL14CIO151 effector bind-

ing elements (EBEs) predicted by TALE-NT (2.0) Target Finder

in group 1 and group 2 promoters. EBEs were predicted by

TALE-NT (2.0) Target Finder in the 300-bp promoters of group

1 and group 2 genes by searching only the forward DNA strand

and requiring a thymine (T) at position 0 (Doyle et al., 2012).

EBEs with scores within 3.5-fold of the best possible TAL14

binding score were considered. The consensus EBE for each

group is displayed with position 5 outlined by broken lines.

Consensus sequences were generated with Weblogo 3.4

(Crooks et al., 2004; Schneider & Stephens, 1990). The height

of the consensus indicates the nucleotide conservation at that

site (measured in bits), whereas the height of the nucleotides
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within the consensus reflects their relative frequency. TAL14-

Xam668 and TAL14CIO151 repeat variable diresidue (RVD) sequen-

ces are displayed.

Fig. S5 Designer transcription activator-like effectors (dTALEs) do

not complement the TAL14Xam668 mutant growth defect. (a) dTALEs

activating TAL14Xam668 target genes cassava4.1_007568/007516,

cassava4.1_034150, cassava4.1_031361, cassava4.1_026646, cas-

sava4.1_026121, cassava4.1_020499 and cassava4.1_024404

were conjugated into Xam668DTAL14ps and tested for their

ability to complement the growth defect seen in the TAL14Xam668

mutant strain. Bacterial populations at leaf midvein inoculation

points were measured at days 1 and 6. Data are represented

as the mean colony-forming units (CFU) per 0.6-cm2 leaf disc

encompassing the inoculation point (6 standard deviation). *Sig-

nificantly higher growth than Xam668DTAL14ps, two-tailed t-test,

P < 0.005. Growth assays were repeated twice with similar results.

(b) Semi-quantitative reverse transcription-polymerase chain reac-

tion (RT-PCR) shows that the dTALEs activate their intended

target genes. For each gene listed in the left column,

Xam668DT14ps 1 dTALE_X is the strain carrying the dTALE that

activates that gene. (c) Actin expression is shown for each dTALE

strain.

Table S1 Reverse transcription-polymerase chain reaction (RT-PCR)

primers used in this study with corresponding PCR cycle number.
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