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Abstract 10 

Xanthomonas axonopodis pv. manihotis (Xam) is the causal agent of bacterial blight in 11 

cassava (Manihot esculenta) and, like many plant pathogens, relies on the secretion of type 12 

three effectors (T3E) to disrupt plant defense and favor disease development. HpaF is a core 13 

T3E conserved among several Xam strains from diverse origins and has a role as suppressor 14 

of plant defenses elicited by Pattern Triggered Immunity (PTI). A cassava protein that 15 

interacts with HpaF was previously identified in our laboratory using a yeast-two-hybrid 16 

screen against a cassava cDNA library. This interactor was named HpaF Interactor 1 (HFI1) 17 

and corresponds to an HSP20-like chaperone. This protein was thought to be important in A. 18 

thaliana plant defense, as a mutant line for the HFI1 gene ortholog has PTI impairments. 19 

However, the same could not be concluded for the protein in cassava due to the complexity in 20 

the generation of mutants for this plant. Here we confirmed and validated the interaction 21 

between HpaF and HFI1 using protein co-immunoprecipitation. We also showed that the 22 

HFI1 mutant from A. thaliana is complemented when transformed with HFI1 from cassava, 23 

confirming the functional homology of these proteins. This is the first approach towards the 24 

characterization of a cassava protein interacting with a Xam T3E.   25 
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Introduction  32 

Cassava (Manihot esculenta) is a crop of great importance in tropical countries, as it 33 

represents a major source of carbohydrate consumption and starch production in the tropical 34 

world (FAO, 2015). However, Cassava Bacterial Blight (CBB), which is the most important 35 

bacterial disease attacking this crop, can affect up to 100% of its production, accounting for a 36 

high risk to people that depend economically on the cultivation of this plant or use it as their 37 

main staple food (Verdier et al., 2004; Harris et al., 2015). CBB is caused by Xanthomonas 38 

axonopodis pv. manihotis (Xam) (Lozano, 1986), a gram-negative bacterium that belongs to a 39 

genus well known for its plant pathogenic nature and a high degree of host specificity (Leyns 40 

et al., 1984; Chan & Goodwin, 1999; Ryan et al., 2011). Some of the genus representatives, 41 

all of which can cause devastating diseases, are X. oryzae pv. oryzae, the causative agent of 42 

bacterial blight in rice; X. oryzae pv. oryzicola, which causes bacterial leaf strike of rice 43 

(Hummel et al., 2016); X. euvesicatoria, causal agent of leaf spot in pepper and tomato 44 

(Popov et al., 2016); X. campestris pv. campestris, the causal agent of black rot in crucifers 45 

(Vicente & Holub, 2013); and X. citri pv. citri, which causes Asiatic citrus canker (Gordon et 46 

al., 2015).  47 

Bacteria in the genus Xanthomonas have common pathogenesis mechanisms but 48 

different lifestyles within the plant (Ryan et al., 2011). First, these bacteria colonize leaf 49 

surfaces and then enter the plant through wounds or natural openings, such as stomata and 50 

hydathodes. Then, depending on the pathovar, they can invade intracellular spaces in the 51 

mesophyll, as occurs with X. cassavae (Bolot et al., 2013), or they can colonize the vascular 52 

system through the xylem, as in the case of Xam (Verdier et al., 2004; Lopez & Bernal, 2012). 53 
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This is why symptoms of diseases like CBB can range extensively, from angular leaf spots, 54 

wilting, cankers, vascular necrosis to, finally, plant death (Lozano & Sequeira, 1974).  55 

 During the pathogenic process, plant pathogenic bacteria like Xam must overcome 56 

immune barriers that the plant activates to defend itself.  The first type of plant defense is 57 

defined by the recognition of molecules conserved among microorganisms, such as flagellin 58 

in bacteria (Boller 1995; reviewed by Boller & He, 2009 and Anderson et al., 2010). These 59 

molecules are known as Microbe Associated Molecular Patterns (MAMPs), and the line of 60 

defense derived from the recognition of such molecules is therefore known as Pattern-61 

Triggered Immunity (PTI) (Felix et al., 1999; reviewed by Dow et al., 2000; de Wit, 2007; 62 

Bittel & Robatzek, 2007; Tsuda & Katagiri, 2010). As a result of PTI, plants activate different 63 

mechanisms to avoid the establishment of the pathogen, such as the release of Reactive 64 

Oxygen Species (ROS), production of antimicrobial compounds, and cell wall thickening 65 

through callose deposition (Škalamera & Heath, 1996; Guo et al., 2009; reviewed by 66 

Altenbach & Robatzek, 2007).  67 

In parallel, pathogens have ways to surpass plant defense responses by the release of 68 

effector proteins that, in most cases, disrupt or inhibit plant defense (Ritter & Dangl, 1995; 69 

van Dijk et al., 1999; de Torres et al., 2006; He et al., 2006; Shan et al., 2008) and facilitate 70 

colonization of plant tissue. Particularly, in Xam and other gram-negative bacteria, the 71 

translocation of effectors from the bacterial cytoplasm into the plant cell is possible by the 72 

Type Three Secretion System (T3SS), which acts as a molecular syringe to transport Type 73 

Three Effectors (T3E) (reviewed by Alfano & Collmer, 2004). However, plants have proteins 74 

that recognize pathogen effectors and initiate a strong defense response, and are thus called 75 
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resistance (R) proteins (Boyes et al., 1998; reviewed by Dangl & Jones, 2001). The 76 

recognition by the R proteins leads to the second type of plant defense, known as Effector 77 

Triggered Immunity (ETI) (reviewed by Jones & Dangl, 2006; Oh & Martin, 2011), in which 78 

the main consequence is a form of programmed cell death in the plant, termed Hypersensitive 79 

Response (HR) (He et al., 1993; reviewed by Dodds & Rathjen, 2010). Additionally, ion 80 

fluxes, a stronger production of ROS and antimicrobial compounds are also characteristic of 81 

ETI and contribute to restrict the spread of the pathogen in the plant (reviewed by Künstler et 82 

al., 2016). 83 

In the case of Xam, HpaF is a T3E highly conserved among several strains of diverse 84 

origins. Bart et al. (2012) analyzed genomic sequences of 65 Xam strains collected from 85 

different areas around the world and a total of 28 T3E were found. Nine of these T3E are 86 

conserved among all strains and one of these core effectors is HpaF. Although the exact 87 

mechanism of action of HpaF inside the plant cell is still unknown, previous studies on the 88 

role of this effector have shown that it is able to suppress PTI, but not ETI in heterologous 89 

systems (Trujillo, 2013). Upon inoculation of HpaF, callose deposition and ROS production 90 

were compromised in Arabidopsis thaliana as signs of inhibition of PTI. However, typical 91 

HR was detected when tobacco leaves were inoculated with the effector, showing that at least 92 

in this system, HpaF does not interfere with ETI. With the aim of discovering possible protein 93 

interactors of HpaF in cassava, a yeast-two-hybrid screen with a cDNA library from cassava 94 

was performed. As a result of this assay, potential HpaF-Interactors (HFIs) were found 95 

(Trujillo, 2013). One of these interactors, HFI1, corresponds to an HSP20-like chaperone and 96 

contains a CS domain. This domain is present in HSP90 co-chaperone proteins with known 97 
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function in plant defense such as SGT1 and RAR1 (Austin et al., 2002). These two proteins 98 

work together to allow R protein-triggered immune responses.  99 

In the interest of understanding the relevance of HFI1 regarding plant defense, callose 100 

deposition assays were previously done with an insertional T-DNA A. thaliana mutant for the 101 

closest homolog of this interactor (Trujillo, 2013), obtained from the SAIL collection (Alonso 102 

et al., 2003). Callose deposits decreased in the A. thaliana mutant upon Pseudomonas 103 

fluorescens inoculation, when compared to wild type plants (N.B. P. fluorescens is able to 104 

elicit PTI but cannot suppress it due to a lack of T3Es) (Trujillo, 2013). This indicates that 105 

HFI1 may play a role as a positive regulator of PTI, at least in A. thaliana. However, it is 106 

unknown if the homolog in cassava has a similar function, as it is currently not possible to 107 

generate directed mutants in this plant species.  108 

The aim of this study was to confirm the interaction between HpaF and HFI1 from 109 

cassava and to determine the functional homology between HFI1 from cassava and HFI1 from 110 

A. thaliana. Complementation assays of the A. thaliana T-DNA mutant with the HFI1 cDNA 111 

from Arabidopsis and cassava, showed a wild type phenotype retrieval regarding callose 112 

deposition, suggesting that this gene may indeed be playing a role in plant defense and 113 

confirming the functional homology of the proteins in these two plant species. 114 

Materials and Methods 115 

Phylogenetic Analysis of Ath-HFI1 and Me-HFI1  116 

In order to determine the orthology between Ath-HFI1 and Me-HFI1, protein 117 

sequences were retrieved from the Phytozome database (http://www.phytozome.net) and a 118 
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best reciprocal hit analysis was performed with protein BLAST algorithms, using the 119 

parameters set by default. Additionally, with the aim of demonstrating the phylogenetic 120 

relationship between Ath-HFI1 and Me-HFI1, related proteins from A. thaliana, M. esculenta 121 

and other plants were found using protein BLAST algorithms, with parameters set by default. 122 

Multiple sequence alignment was performed using the MUSCLE tool (Edgar, 2004) and 123 

edited using the Jalview software (Waterhouse et al., 2009). The phylogenetic tree was 124 

constructed using RAxML analysis (Stamatakis, 2014) in the CIPRES server 125 

(https://www.phylo.org/portal2/tools.action) with 1000 bootstrap replicates. The statistical 126 

selection of the most likely model of aminoacid substitution was determined using the 127 

ProtTest 2.4 server (http://darwin.uvigo.es/software/prottest2_server.html) (Abascal et al., 128 

2005).  129 

 130 

Confirmation of the Interaction Between HpaF and HFI1 131 

RNA isolation and cDNA synthesis   132 

To confirm the interaction of HFI1 with HpaF and to achieve the complementation of the T-133 

DNA A. thaliana mutants, the coding sequences of the HFI1 from cassava (Me-HFI1) and A. 134 

thaliana (Ath-HFI1) were required as template genetic material. RNA from the cassava 135 

variety 60444 and from A. thaliana Col0 were isolated using the InviTrap Spin Universal 136 

RNA Mini Kit (Stratec Biomedical) following manufacturers instructions. cDNA synthesis 137 

was performed using the iScriptTM Select cDNA Synthesis Kit (Bio-Rad Laboratories Inc., 138 

Hercules, California). Me-HFI1 and Ath-HFI1 were then amplified from cDNA using 139 

appropriate primers (Table S1) and used in the following experiments. 140 
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  141 

Yeast-two-hybrid assay 142 

HpaF and Me-HFI1 were cloned into the Gateway vectors pLAW10 (DNA-binding domain, 143 

BD) and pLAW11 (activation domain, AD) (Cantu et al., 2013). The obtained constructs were 144 

transformed into Saccharomyces cerevisiae AH109 strain. Yeast co-transformation with both 145 

pLAW vectors was performed using the lithium acetate method (Gietz & Woods, 2002). 146 

Transformed yeast colonies were selected on Synthetic Dropout (SD) medium lacking 147 

tryptophan and/or leucine to select for the presence of each plasmid. Positive interactions 148 

were confirmed in SD medium lacking tryptophan, leucine and histidine. Controls with empty 149 

vectors were performed to discard cases of false positives or autoactivation in the system. 150 

Additionally, the same assays were performed using Ath-HFI1 to determine whether HpaF is 151 

also able to interact with it.  152 

 153 

Co-Immunoprecipitation  154 

Me-HFI1 was cloned in the pSDK2484 vector expressing a Myc-tag and HpaF or XopN were 155 

cloned in the pSDK2483 vector expressing a HA-tag using the Gateway cloning system. 156 

These vectors were kindly provided by Dinesh Kumar at the University of California in 157 

Davis. The Agrobacterium tumefaciens GV2260 strain was then transformed with each 158 

construct through electrophoresis. A. tumefaciens GV2260 carrying Me-HFI1 was co-159 

inoculated at an OD600 of 0.7 in Nicotiana benthamiana leaves with A. tumefaciens GV2260 160 

carrying either HpaF or XopN  at an OD600 of 1.2 or 0.7, respectively. Leaves were collected 161 

48 hours post inoculation (h.p.i) and ground into a fine powder with liquid nitrogen. Cells 162 
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were lysed with extraction buffer (50 mM NaCl, 20 mM Tris pH 7.5, 1 mM EDTA, 0.1% 163 

TritonX-100, 10% glycerol, 5 mM DTT, 2 mM NaF, 1 mM PMSF, 1X Protease inhibitor 164 

from Roche) and centrifuged at 14.000 r.p.m. for 10 min at 4oC. The supernatant was 165 

collected and tumbled with Protein G Sepharose beads (GE Healthcare) at 4ºC for 30 min to 166 

pre-clear the extract. The mixture was then centrifuged at 3.000 g for 1 min at 4oC and the 167 

supernatant was collected. The pre-cleared extract was tumbled with α-Myc agarose beads 168 

(Sigma) at 4ºC for 3 hours. Beads were washed four times with washing buffer (300 mM 169 

NaCl, 20 mM Tris pH 7.5, 1 mM EDTA, 0.1% TritonX-100, 10% glycerol, 5 mM DTT, 2 170 

mM NaF, 1 mM PMSF, Protease inhibitor from Roche 1X), boiled in 2X loading buffer and 171 

then centrifuged at 10.000 r.p.m. for 2 minutes. The supernatants were then analyzed by 172 

western blotting.  173 

 174 

Validation of the Role of HFIs in Plant Defense  175 

Plant Growth 176 

T-DNA insertional A. thaliana mutant plants for HFI1 (SAIL_245_H06, hereafter referred to 177 

as hfi1.1) were grown for 6 weeks to flowering stage in a greenhouse with a photoperiod of 16 178 

h and average temperature of 24ºC. First inflorescence shoots were removed as soon as they 179 

were formed to promote the emergence of more floral buds per plant (Clough & Bent, 1998; 180 

Weigel & Glazebrook, 2002). 181 

 182 

Complementation Vectors and Agrobacterium tumefaciens Transformation 183 

The binary vector pCAMBIA1305.2 (CAMBIA) was used to clone Ath-HFI1 and Me-HFI1. 184 
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These constructs contained kanamycin and hygromycin resistance markers for bacterial and 185 

plant selection, respectively. The cloned genes were expressed under the strong 35S promoter.  186 

Agrobacterium tumefaciens GV3101 pMP90 (rifampicin and gentamycin resistant) was 187 

transformed with each construct through electroporation. Transformed bacteria were selected 188 

by plating in LB agar containing kanamycin (50 µg mL-1), rifampicin (100 µg mL-1), and 189 

gentamycin (20 µg mL-1). Transformation was confirmed by PCR.  190 

 191 

Flower Dip Inoculation in Arabidopsis thaliana hfi1.1 Mutants 192 

Transformation of hfi1.1 mutants was performed through flower dip inoculation using A. 193 

tumefaciens (Fig. S1), as described by Clough & Bent (1998) and Zhang et al. (2006). 194 

Agrobacterium tumefaciens transformed strains, were grown in liquid LB media with 195 

kanamycin (50 µg mL-1), rifampicin (100 µg mL-1), and gentamycin (20 µg mL-1), at 28ºC and 196 

250 rpm for 24 h. Cells were harvested by centrifugation at 6000 rpm at room temperature for 197 

10 minutes. The cell pellet was then resuspended in infiltration medium (1/2X Murashige and 198 

Skoog salts, 1X Gamborg’s B5 vitamins, 5%(w/v) sucrose, 50 µl L-1 Silwet L-77) to a final 199 

OD600 of 0.8. 200 

The inoculum suspensions were transferred to a petri dish where the floral buds of the 201 

hfi1.1 mutant plants were submerged and soaked for 30 s. Following inoculation, dipped 202 

plants were covered for 18 h to maintain humidity. The inoculation procedure was repeated 203 

twice, with one week between each floral dip inoculation, in order to transform newly 204 

developed floral buds. After approximately three weeks, seeds were collected for further 205 

selection.   206 
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 207 

Selection of Transformed Plants  208 

Collected seeds were surface-sterilized by immersing them in 70% (v/v) ethanol for 5 min and 209 

then soaking them in 50% (v/v) bleach with 0.05% (v/v) Tween 20 for 10 min, followed by 210 

four rinses in sterile distilled water. Sterile seeds were suspended in 0.1% (v/v) agarose, then 211 

plated in selection plates (1/2X Murashige and Skoog salts, 0.8% (w/v) agar, 25 µg mL-1 212 

hygromycin) and incubated at 4ºC for 48 h. Seeds were then grown at 24ºC for 7 days with a 213 

photoperiod of 12 h. Transformed plants were identified as hygromycin resistant seedlings 214 

that grew significantly more, produced green leaves and well-established roots within 215 

selective medium. Transformed seedlings were transplanted to soil and grown to flowering 216 

stage to confirm the presence of the sequences of interest by PCR. Quick DNA extraction 217 

from leaf tissue for the PCR confirmation was performed as described by Edwards et al. 218 

(1991). The forward primer used for the PCR confirmation was complementary to the 35S 219 

promoter and the reverse primer was complementary to the gene to be confirmed (Table S1). 220 

The first generation of transformed plants corresponded to T1 generation. Each T1 221 

transformed plant was considered to be an independent line. As the T1 plants are thought to 222 

be heterozygous, T2 plants (which are the ones to be used in further assays) must also be 223 

selected on medium with hygromycin and confirmed through PCR.  224 

 225 

Callose Deposition Assays  226 

Callose deposition assays were performed in A. thaliana Col-0 wild type line as a control, in 227 

the hfi1.1 mutant line and in the two transformed lines. For induction of callose deposition, 228 
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assays were performed as previously described by Guo et al. (2009) and assayed in our 229 

laboratory, using a P. fluorescens system. Arabidopsis thaliana plants were inoculated with 230 

bacterial suspensions at an OD600 of 0.01 of P. fluorescens (pLN1965) carrying pML123 231 

(which expresses the T3SS but no T3Es), P. fluorescens (pLN1965) carrying pLN615:hpaF, 232 

P. fluorescens (pLN1965) carrying pLN615:xopAO1 (another TE3 that normally suppresses 233 

callose deposition in A. thaliana), or with 5mM MES (Morpholine Ethane Sulfonic acid) 234 

Buffer pH = 5.6, as an inoculation control. Sixteen hours after inoculation, callose deposits 235 

were stained as previously described (Guo et al., 2009) and then visualized with fluorescence 236 

microscopy. Callose deposit counting was performed using ImageJ software (Collins, 2007). 237 

Inoculations and determination of callose deposition were performed in triplicate, at least 238 

twice. Shapiro Wilk and Mann-Withney tests were performed using R software version 3.3.0 239 

(R Core Team, 2016).  240 

 241 

In planta Growth of Pseudomonas syringae pv. tomato DC3000  242 

In order to determine the growth of P. syringae pv. tomato DC3000 (PstDC300) in-planta, A. 243 

thaliana Col-0 wild type plants, the hfi1.1 mutant line and the two complemented lines were 244 

inoculated with bacterial suspensions at an OD600 of 0.002 of PstDC3000 (rifampicin and 245 

kanamycin resistant), PstDC3000-ΔhrcC (which cannot express the T3SS and is rifampicin 246 

and kanamycin resistant), PstDC3000 carrying pBAV226:hpaF (rifampicin, kanamycin and 247 

tetracycline resistant), or with MgCl2 10 mM as an inoculation control. Leaves were collected 248 

at 0 and 5 days post inoculation (d.p.i) and then macerated in 10 mM MgCl2. Serial dilutions 249 

of the macerated tissue were performed to obtain individual colony-forming units (CFUs) 250 
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when plated in King’s B medium with the appropriate antibiotics to isolate the desired 251 

bacteria (kanamycin 50 µg mL-1 and rifampicin 100 µg mL-1 for PstDC3000 and PstDC3000 252 

ΔhrcC, and also tetracycline 10 µg mL-1 for PstDC3000 carrying pBAV226:hpaF). The 253 

inoculations were performed with 3 biological replicates and the serial dilutions were done 254 

with 3 technical replicates. After 2 days of incubation at 28ºC, CFUs were counted and 255 

statistical differences in bacterial growth at 0 and 5 d.p.i among treatments and A. thaliana 256 

plant lines were analyzed using R software version 3.3.0 (R Core Team, 2016).  257 

 258 

Results 259 

HFI1 from M. esculenta and A. thaliana are Orthologs 260 

With the aim of determining the phylogenetic relationship between Ath-HFI1 and Me-HFI1 to 261 

support the use of the heterologous system of A. thaliana in our study, a gene genealogy 262 

analysis was performed with HFI1 related proteins from A. thaliana, M. esculenta and other 263 

plants. We found that Ath-HFI1 and Me-HFI1 are orthologs as they both were best reciprocal 264 

BLAST hits. This is supported by the fact that both proteins belong to the same group (Fig. 265 

1). Proteins clustered together with Ath-HFI1 or Me-HFI1 belong to plants that are more 266 

closely related to A. thaliana or M. esculenta, respectively. There are no other proteins from 267 

A. thaliana within the same group of the HFI1s. Even though another protein from M. 268 

esculeta was clustered within the same clade of Me-HFI1, it was not found as the best 269 

reciprocal hit when looking for the version of Ath-HFI1 in the cassava genome, showing that 270 

it can potentially be a paralog gene of Me-HFI1. This result validates our attempts to 271 

determine functional homology between Ath-HFI1 and Me-HFI1.   272 
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 273 

Both HFI1 from M. esculenta and HFI1 from A. thaliana Interact with HpaF 274 

In order to confirm the interaction between HpaF and HFI1, a targeted yeast-two-hybrid assay 275 

was performed. Both HpaF and Me-HFI1 were cloned into activation and binding domain 276 

vectors for the yeast-two-hybrid system. They were transformed into S. cerevisiae AH109 277 

strain and tested for autoactivation by selection in SD medium lacking leucine, tryptophan 278 

and histidine. No growth was observed in this selection medium when each construct was co-279 

transformed with the corresponding empty vector (Fig. 2A), suggesting that none of the 280 

proteins act as autoactivators in the yeast-two-hybrid system. Only the yeast strains co-281 

transformed with Me-HFI1 and HpaF could grow in selection medium, suggesting that these 282 

two proteins interact in yeast  (Fig. 2A). 283 

 Because the yeast two-hybrid system is prone to produce false positive interactions, a co-284 

immunoprecipitation experiment was performed to validate the interaction between Me-HFI1 285 

and HpaF. α-Myc agarose beads were used to precipitate Myc tagged Me-HFI1 and an α-HA 286 

antibody was used for immunoblotting to detect HpaF in the mixture. XopN (another T3E 287 

from Xam) tagged with HA was used as a negative control in the experiment. Co-288 

immunoprecipitation was observed of HpaF with Me-HFI1 (Fig. 2B), but not of XopN with 289 

Me-HFI1. This confirms the interaction between MeHFI1 with HpaF and indicates that this 290 

interaction is specific and not widespread to other Xam T3Es.  291 

 Given that previous experiments in our laboratory had indicated that At-HFI1 might be 292 

involved in plant defense, we tested if there was interaction between this protein and HpaF 293 

using the yeast two-hybrid system. This would demonstrate functional homology with Me-294 
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HFI1 and validate the use of A. thaliana for assays with HpaF from Xam. No autoactivation 295 

was observed for At-HFI1 in the yeast two-hybrid system. On the other hand, this protein was 296 

able to interact with HpaF as well (Fig. 2A), supporting the functional homology between the 297 

HFI1 genes from M. esculenta and A. thaliana.  Interestingly, we observed a positive 298 

interaction when yeasts were transformed with both plasmids containing the cDNA HFI1 299 

sequence from either plant, (Fig 2A), showing that both proteins can potentially form 300 

homodimers. It remains to be demonstrated if this has any relevance in planta.   301 

 302 

Transformation of HFI1 A. thaliana  hfi1.1 Mutants 303 

Previous studies conducted in our laboratory have shown that, upon challenge with P. 304 

fluorescens, callose deposition in hfi1.1 mutants is decreased when compared to wild type 305 

plants. Since this response is a marker for PTI, it is likely that this mutation impairs PTI. This 306 

therefore led us to think that Ath-HFI1 may act as a positive regulator of this type of plant 307 

defense. However, this was a T-DNA insertional mutant and, because of the nature of plant 308 

transformation, the T-DNA could also have been inserted in another gene not being 309 

considered. In order to determine that the phenotype of impaired PTI was indeed due to the 310 

mutation in HFI1, we attempted to complement the mutation by transformation with the wild 311 

type gene through floral dip inoculation (Fig. S1). Furthermore, it also remained to be 312 

determined whether Me-HFI1 fulfills the same function of Ath-HFI1. To address this, hfi1.1 313 

mutants were also transformed with the Me-HFI1.  314 

Seedlings that grew significantly more in medium with hygromycin, producing green 315 

leaves and well-established roots were considered to be transformed plants, either with Ath-316 
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HFI1 or Me-HFI1 (Fig. 3). Transformation efficiency was around 0.224% ± 0.013; one out of 317 

about every 450 seeds plated on selection media, was able to grow and therefore was selected 318 

for subsequent analyses. Transformation was then confirmed through PCR for the presence of 319 

the gene of interest (Fig. 4). To make sure the amplified gene corresponded to the T-DNA 320 

insertion as a result of the Agrobacterium-mediated transformation, primers were designed to 321 

amplify from the 35S promoter to the end of the corresponding gene, as this fusion is not 322 

naturally present in the plant. Seedlings from T2 generation were also selected on medium 323 

with hygromycin and then used in further assays. The observed inheritance pattern 324 

corresponded to a 2:1 proportion, indicating that homozygous transformed plants are lethal 325 

(Table 1).  326 

 327 

HFI1 Has a Role in Plant Defense 328 

Arabidopsis hfi1.1 mutant plants transformed with the wild type versions of Me-HFI1 or Ath-329 

HFI1 were tested for complementation of the callose deposition phenotype. Wild type A. 330 

thaliana plants, hfi1.1 mutants and mutants transformed with HFI1 either from A. thaliana or 331 

from M. esculenta were inoculated with P. fluorescens expressing a functional T3SS but no 332 

T3Es as a positive control for callose deposition, with P. fluorescens expressing a T3SS and 333 

HpaF or XopAO1 (another Xam T3E that normally suppresses callose deposition), or with 334 

MES buffer as a negative control for no callose deposition. We corroborated the hfi1.1 mutant 335 

deficiency regarding callose deposition, as can be observed in figure 5 when comparing the 336 

hfi1.1 mutant with wild type Col-0, for the inoculation of P. fluorescens expressing no T3Es. 337 

Interestingly, when the mutant line was transformed with Ath-HFI1, a wild type phenotype 338 
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was retrieved (Fig. 5). This confirms that the callose deposition phenotype in response to P. 339 

fluorescens was due to the insertional mutation in HFI1 in the hfi1.1 mutant line. Similarly, 340 

hfi1.1 mutant plants transformed with Me-HFI1 were able to deposit callose just as a wild 341 

type plant upon induction of PTI (Fig. 5). This confirms that HFI1 from both, A. thaliana and 342 

M. esculenta, are functionally homologous and have a role in plant defense.  343 

 Moreover, in order to address the implication of the interaction between HpaF and HFI1 344 

in-planta, the A. thaliana plant lines were inoculated with a P. fluorescens strain expressing 345 

and secreting HpaF. We corroborated that HpaF is able to suppress callose deposition in wild 346 

type plants (Fig 5). Interestingly, we detected an over production in the number of callose 347 

deposits when hfi1.1 mutants were inoculated with this strain, and a wild type phenotype 348 

retrieval in the transformed mutant lines (Fig. 5). This indicates that a functional HFI1 is 349 

needed for the ability of HpaF to suppress PTI. To test whether this particular phenotype for 350 

the hfi1.1 mutant inoculated with HpaF was common to the inoculation of other T3Es that 351 

normally inhibit PTI, the A. thaliana plant lines were inoculated with a P. fluorescens strain 352 

expressing and secreting XopAO1 (another Xam T3E). In this case, inhibition of callose 353 

deposition was found in all four A. thaliana tested lines (Fig. 5). These results confirm a 354 

specific involvement of HFI1 with HpaF, but not with other T3Es such as XopAO1.   355 

 356 

PstDC3000-ΔhrcC Growth is Favored in the HFI1 Mutant, but Inhibited for PstDC3000 357 

Expressing HpaF   358 

We hypothesize that HFI1 has a role in plant defense. Therefore, we tested if hfi1.1 plants 359 

were more susceptible to the Arabidopsis pathogen PstDC3000. The different A. thaliana 360 
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plant lines were tested to determine the growth of PstDC3000 in-planta. Wild type Col-0 361 

plants, hfi1.1 mutants and mutants transformed with either Me-HFI1 or Ath-HFI1 were 362 

inoculated with PstDC3000, PstDC3000-ΔhrcC (which lacks a functional T3SS) and with 363 

PstDC3000 expressing HpaF. Bacterial growth was determined at 0 and 5 d.p.i. We found 364 

that the non-pathogenic PstDC3000-ΔhrcC strain was able to grow better in the hfi1.1 mutant 365 

compared to the wild type plants and the transformed mutants (Fig. 6). This result supports 366 

the hfi1.1 mutant impairment regarding PTI and the complementation of the transformed 367 

mutants. Interestingly, PstDC3000 was able to grow more in wild type plants than in hfi1.1 368 

mutants and this was the only assay where no complementation was observed in the 369 

transformed mutants (Fig. 6). More experiments are needed to confirm this observation, 370 

especially because the difference in bacterial growth between wild type and hfi1.1 is quite 371 

small, although statistically significant. On the other hand, in order to determine the 372 

implication of the interaction between HpaF and HFI1 in the virulence of PstDC3000, plants 373 

were inoculated with PstDC3000 expressing HpaF. We found that this strain grew less in the 374 

hfi1.1 mutant than in the wild type Col-0 and the transformed mutants (Fig. 6). Even though 375 

the growth of PstDC3000 expressing HpaF in the transformed mutants was not as high as in 376 

the wild type plants, a partial complementation was observed (Fig. 6). This shows that a 377 

functional HFI1 is required for HpaF-related virulence mechanisms.  378 

  379 

Discussion  380 

It is of great importance to determine the mechanism of action of a specific T3E from a 381 

bacterial plant pathogen like Xam, in order to broaden the understanding of diseases such as 382 
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CBB at the molecular level. A basic step towards the elucidation of such mechanism is to 383 

identify the plant proteins that interact with T3Es, and delve into the implications of these 384 

interactions. Here, we confirmed the interaction between the HpaF effector from Xam and 385 

HFI1 in cassava, and attempted to determine the involvement of this protein in plant 386 

immunity. We therefore used a reverse genetic approach with the heterologous system of A. 387 

thaliana and found that HFI1 has a role in plant defense, more specifically, PTI. Moreover, 388 

we could determine the functional homology between HFI1 from cassava and A. thaliana 389 

since both of them were able to interact with HpaF in the yeast-two-hybrid system and also to 390 

complement an A. thaliana mutant lacking a functional HFI1. Taken together, this is the first 391 

study of a cassava protein interacting with a Xam T3E and the first approach to determine the 392 

involvement of such protein in plant immunity.   393 

 The generation of cassava mutants is a complex and lengthy process, as there are not 394 

many genetic resources available to facilitate the study of gene function in this plant. This is 395 

why the use of heterologous systems such A. thaliana stands as a helpful tool in the 396 

understanding of gene function. Here, we used an A. thaliana T-DNA mutant line for the 397 

ortholog of Me-HFI1 to expand our knowledge about the function of this gene. This mutant 398 

was previously shown in our laboratory to have PTI impairments, which suggested that, at 399 

least in A. thaliana, Ath-HFI1 has a role as a positive regulator of PTI responses (Trujillo, 400 

2013). However, the question remained of whether this impairment was due to the T-DNA 401 

insertion in the Ath-HFI1 gene, or because of random T-DNA insertions in other genes not 402 

being considered. Furthermore, even if Ath-HFI1 does have a role in plant defense, the same 403 

conclusion could not be extended to cassava. We therefore transformed the hfi1.1 mutant with 404 
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Ath-HFI1 in order to confirm the direct involvement of this gene in PTI, and also attempted 405 

the complementation with Me-HFI to show a functional homology between the HFI1s from 406 

both plants. As a result, the PTI-impaired hfi1.1 mutant was complemented with both HFI1s 407 

(Fig 5 and 6).  408 

 The transformation of the hfi1.1 mutant line was performed through Agrobacterium-409 

mediated floral dip inoculation (Clough & Bent, 1998). Nevertheless, we were not able to 410 

generate homozygote-transformed plants, as the inheritance pattern of such transformation 411 

showed a proportion in which homozygotes are lethal (Table 1). This could be due to the 412 

integration of the T-DNA containing either of the HFI1s inside the plant genome causing a 413 

recessive lethal mutation (Budar et al., 1986). However, it is unlikely that this was the case in 414 

all of the independently transformed plants (a total of 10 were tested). Another possible 415 

explanation is that there could have been problems with the expression of the hygromycin 416 

resistance gene in a few of the transformed plants, leading to an inaccurate counting of 417 

resistant seedlings. It is possible that the diploid dose of the inserted cassette led to silencing. 418 

Additionally, a double copy of the HFI1 being expressed under a strong promoter such as 419 

CaMV 35S, might have led to elevated protein levels causing an overactivation of pathways 420 

that, under certain conditions, might be disadvantageous for plant survival. Overexpression of 421 

an HSP70 in pepper leaves led to activation of defense response genes and to severe cell death 422 

symptoms under high temperatures (Kim & Hwang, 2015). This over-activation of death-423 

triggering genes might even preclude the embryogenesis process (Errampalli et al., 1991), 424 

explaining our inheritance proportion. 425 

 We were able to show the functional homology between Ath-HFI1 and Me-HFI1, since 426 
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both proteins are closely related (Fig. 1), and both were able to interact with HpaF (Fig. 2) 427 

and complement the hfi1.1 mutant (Fig 5 and 6). Both HFI1s code for polypeptide chains of 428 

approximately 20 kDa and correspond to HSP20s, belonging to the group of small Heat Shock 429 

Proteins (sHSPs). sHSPs are a family of chaperone proteins that is particularly diverse in 430 

plants, and is known to provide thermal tolerance due to its function avoiding protein 431 

aggregation, irreversible denaturation and misfolding (Al-Whaibi, 2011; Li et al., 2015; 432 

Waters, 2013; Ma et al., 2006; Lambert et al., 2011). Both HFI1s contain the HSP20 domain, 433 

which is present in most sHSPs and is characterized by the presence of an antiparallel ß-434 

sandwich fold formed by several ß-strands (Lambert et al., 2011; Li et al, 2015; Garcia-Ranea 435 

et al., 2002). This domain is thought to be important in the formation of dimers, which are the 436 

building blocks of larger oligomers, a very common protein organization among sHSPs 437 

(Lambert et al., 2011; Waters, 2013). A previous study reported the self-interaction of a 438 

HSP20 in rice and N. benthamiana  (Li et al., 2015), which is consistent with our results 439 

regarding the ability of Me-HFI1 and Ath-HFI1 to form homodimers (Fig. 2). This oligomeric 440 

protein structures support the fact that some HSP20s can form large aggregates and therefore 441 

be present in the form of granules in the cytoplasm of plant cells (Li et al., 2015).  442 

 The better understood functions of sHSPs are related to protection against abiotic stresses 443 

such as high temperatures, heavy metals, oxidative stress and drought (Al-Whaibi, 2011; Sun 444 

et al., 2002; Maimbo et al., 2007). However, here we found an involvement of HFI1 in PTI as 445 

the hfi1.1 mutant was not able to normally deposit callose (Fig. 5) and PstDC3000-ΔhrcC 446 

growth was favored in this mutant compared to a wild type plant (Fig. 6) (Pst DC3000-ΔhrcC 447 

lacks a T3SS and is therefore non-pathogenic). This role in PTI was further confirmed when 448 
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the hfi1.1 mutant was complemented with both versions of HFI1, and a complete wild type 449 

phenotype retrieval regarding callose deposition or PstDC3000-ΔhrcC growth was observed. 450 

This is consistent with the fact that an HSP17 in N. benthamiana was found to be important in 451 

plant defense to biotic stress. Silenced plants for this sHSP showed a compromised expression 452 

of defense-related genes and allowed a higher growth of a non-pathogenic strain of Ralstonia 453 

solanacearum (Maimbo et al., 2007). Silencing of an HSP70 in pepper, resulted in attenuation 454 

of ROS burst, defense hormone signaling and enhanced bacterial growth of an avirulent X. 455 

campestris pv. vesicatoria strain (Kim & Hwang, 2015). Nevertheless, in both of the 456 

mentioned studies, not only non-pathogenic, but also pathogenic bacterial strains were able to 457 

grow better in the HSP-silenced plants, which is opposite to our results. We found that 458 

PstDC3000 grew better in wild type plants than in hfi1.1 mutants (Fig. 6) and hypothesize 459 

that this occurred because HFI1 intervenes not only in the regulation of plant proteostasis, but 460 

also helps with the folding of some bacterial proteins similar to HpaF that are secreted by wild 461 

type DC3000 inside the plant cell.  However, this was the only experiment where we did not 462 

see a phenotype complementation in the hfi1.1 mutants transformed with the HFI1s from both 463 

plants (Fig. 6). Further experiments are required for a better elucidation of this phenomenon. 464 

 We confirmed the interaction between the HFI1s and HpaF. In the yeast-two-hybrid 465 

assay, we observed that S. cerevisiae AH109 strain was able to grow in medium without 466 

Leucine, Tryptophan and Histidine when co-transformed with either of the HFI1s and HpaF 467 

(Fig 2A), indicating a positive interaction between them.  Moreover, we validated the 468 

interaction when HpaF was co-immunoprecipitated with Me-HFI1 (Fig 2B). We further 469 

examined the relation between HFI1 and HpaF and found that when hfi1.1 mutants are 470 
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inoculated with a P. fluorescens strain that expresses and secretes HpaF, callose deposition is 471 

enhanced (Fig. 5). This correlates with the fact that PstDC3000 carrying HpaF was affected in 472 

its ability to grow in the hfi1.1 mutant when compared to the wild type plant (Fig. 6). The 473 

formation of callose papillae is presumed to act as a barrier to slow bacterial growth (Voigt, 474 

2014), and our results support this premise. Moreover, the enhanced callose deposition was 475 

observed only upon P. fluorescens secretion of HpaF but not of XopAO1, which is another 476 

Xam T3E that normally suppresses callose deposition in wild type plants. This supports the 477 

specific involvement between HFI1 and HpaF but not with other Xam T3Es.  478 

 As we previously stated, HFI1 plays a positive role in plant defense. However, our results 479 

also suggest that a functional HFI1 is required for a full HpaF-related virulence. This implies 480 

a dual role of HFI1 in plant defense concerning Xam pathogenesis. It has been shown that the 481 

RdRp protein from the Rice Stripe Virus (RSV) can interact with a HSP20 from rice and from 482 

N. benthamiana, and modify their sub-cellular localization, inhibiting the formation of sHSP 483 

granules (Li et al., 2015). This manipulation of host sHSPs that are normally important in 484 

plant defense might be needed for the full virulence of the pathogen, as it occurs with another 485 

HSP20 found in rice, which presumably aids with the transport of RSV movement proteins 486 

through plasmodesmata (Lu et al., 2009). Additionaly, other rice HSP70s have been shown to 487 

be required in the RSV life cycle, participating in the viral cell entry, virion assembly and 488 

viral replication (Mayer, 2005; Nagy et al., 2011). This supports our hypothesis that even 489 

though HFI1 is needed in plant immunity, its interaction with HpaF might favor Xam 490 

pathogenesis. 491 

 Reports on pathogen effector proteins interacting with plant sHSPs are scarce. Regardless 492 
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of a previous study that identified a candidate effector protein from the barley powdery 493 

mildew, which interacts with a host sHSP and compromises its chaperone activity (Ahmed et 494 

al., 2015), there are not many similar reports. To our knowledge, there are no studies about 495 

bacterial TE3s such as HpaF, targeting a sHSP such as HFI1. Taken together, our results 496 

support the role of HFI1 in plant defense and stand as a novel report in which a cassava sHSP 497 

is targeted by a T3E and was shown to be involved in Xam pathogenesis. This allowed us to 498 

broaden the knowledge regarding molecular interactions behind CBB, and stands as one of 499 

the first step towards the understanding of cassava mechanisms of plant defense. This will 500 

thus contribute with the achievement of the main goal, which is prevention of disease.   501 
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Tables  688 

Table 1.  689 

Pattern of inheritance in T2 generation of transformed hfi1.1 mutants. Homozygous 690 

transformed plants are lethal, giving an inheritance proportion of 2:1  691 

Lethal homozygous in T2 Generation of Transformed Plants 

 
Hyg Resistant  Hyg Sensible X2 (2:1 proportion) P-value 

Ath-HFI1 
44 31 2.16 0.142 
78 36 0.16 0.691 
74 28 1.59 0.208 

Me-HFI1  
14 6 0.10 0.752 
75 34 0.22 0.635 
78 30 1.50 0.221 

 692 

 693 

 694 

 695 

  696 
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Figures 697 

 698 

Figure 1. Phylogenetic analysis of HFI1 related plant proteins. Protein sequences similar 699 

to HFI1s retrieved from public databases were aligned for a phylogenetic reconstruction using 700 

RAxML analysis. Ath-HFI1 is shown in blue and Me-HFI1 in orange. GeneBank or 701 

Phytozome accession numbers are shown for the following plant species: Rc, Ricinus 702 

communis; Niben, Nicotiana benthamiana; Tc, Theobroma cacao; Jc, Jatropha curcas; Araly, 703 

Arabidopsis lyrata; CARU, Capsella rubella; Cs, Camelina sativa; Rs, Raphanus 704 

sativus; AT, Arabidopsis thaliana; Manes, Manihot esculenta.  705 
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Figure 2. Confirmation of the interaction between HFI1 and HpaF. A. Targeted yeast-710 

two-hybrid assay to confirm the interaction of HFI1 from both, M. esculenta and A. thaliana, 711 

with HpaF. Transformed AH109 yeast colonies with the corresponding plasmids were grown 712 

on DO supplemented media to confirm the interactions. Medium lacking Leucine and 713 

Tryptophan (-L-W) indicated the presence of both plasmids (pLAW10 and pLAW11), 714 

whereas medium lacking Leucine, Tryptophan and Histidine (-L-W-H) confirmed the 715 

interaction between the proteins tested. ---: Not tested. B. Co-Immunoprecipitation of HFI1 716 

from M. esculenta with HpaF, but not with XopN, another Xam T3E. A. tumefaciens  717 

expressing Me-HFI1 tagged with Myc, was co-inoculated in N. benthamiana leaves with 718 

other A. tumefaciencs strains expressing either HpaF or XopN, each tagged with HA. Leaves 719 

were collected after 48 h.p.i, then macerated and processed for protein extraction and 720 

precipitated with α-Myc agarose beads.  IP: Immunoprecipitation. IB: Immunoblotting   721 

 722 
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 723 

 724 

Figure 3. Selection of transformed plants in MS medium with hygromycin. Successfully 725 

transformed plants with pCAMBIA1305.2(35S:HFI1) can grow significantly more than non-726 

transformed plants. A. Transformation with Ath-HFI1. B. Transformation with Me-HFI1. 727 

Transformation efficiency = 0.224% ± 0.013 (standard error) 728 

 729 

 730 
 731 

 732 

 733 

 734 

 735 
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 736 

 737 

Figure 4. Confirmation of transformed plants through PCR. Forward primer annealed 738 

with the 35S promoter and reverse primer with A. Ath-HFI1 or B. Me-HFI1. 1. Wild type 739 

plant. 2. hfi1.1 mutant. 3. Transformed plant with the corresponding version of HFI1. 4. 740 

pCAMBIA1305.2(35S:HFI1) used for the transformation 5. Negative control.  741 

 742 

  743 
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Figure 5. Phenotype retrieval in HFI1-transformed mutants regarding PTI, seen as 746 

deposition of callose using the A. thaliana – P. fluorescens system. A. Quantitative analysis of 747 

callose deposition among wild type (Col0), hfi1.1 mutant (Sail), hfi1.1 mutant complemented 748 

with Ath-HFI1 (Sail+HFI1 Ath) or with Me-HFI1 (Sail+HFI1 Me) A. thaliana plants. Letters 749 

indicate significant differences within the same treatment (Mock infiltration and inoculation 750 

with P. fluorescens carrying T3SS, T3SS+HpaF or T3SS+XopAO1) (Mann-Whitney U-Test, 751 

P-value << 0.05). B. Fluorescence microscopy to observe callose deposition in A. thaliana 752 

leaves stained with aniline blue 16 hours after infiltration with each treatment.    753 

  754 
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 755 

Figure 6. PstDC3000 growth in-planta. Bacterial growth was measured at 0 and 5 d.p.i. in 756 

the different A. thaliana tested plants (wild type (Col0), hfi1.1 mutant (Sail), hfi1.1 mutant 757 

transformed with Ath-HFI1 (Sail+HFI1-Ath) or Me-HFI1 (Sail+HFI1-Me)). Plants were 758 

inoculated with PstDC3000, PstDC3000-ΔhrcC or with PstDC3000 expressing HpaF. 759 

Symbols (*,º,+) indicate significant differences within the same treatment (Mann-Whitney U-760 

Test, P-value << 0.05). 761 

  762 
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Supplementary Tables 763 

Supplementary Table 1. Primers used in this study  764 

Region/Gene to amplify  Primer Sequence Use in this study 

Cassava HFI1 
cassava4.1_017133m1 

Fw GGATCCAAACAATGAGTCGTCATCCCGAG Cloning procedures and 
confirmation of transformation Rv CTGCAGTTATGTGCTTGAAGCAGCTTCCTTTT 

Arabidopsis HFI1 
AT4G024502 

Fw GGATCCAAACAATGAGTCGTCATCCTGAA Cloning procedures and 
confirmation of transformation Rv CTGCAGTCACTTGTCTTCCTTAACAGATGTTG 

35S promoter  Fw GATGTGATATCTCCACTGACGTAA Confirmation of transformation 
 765 
1 Locus name in the Cassava genome (https://phytozome.jgi.doe.gov/pz/portal.html). 766 
2 TAIR locus name in the A. thaliana genome (http://www.arabidopsis.org/).  767 

 768 

 769 

 770 
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Supplementary Table 2. Plasmids used in this study 772 

 773 

Bacterial selection markers: Kan – Kanamycin. Amp – Ampicillin. Tet – Tetracycline. Sp – Spectinomycin.  774 

Gen – Gentamycin.     775 

*Plant selection marker: Hyg – Hygromycin  776 

  777 

Plasmid  Characteristics Use in this work Reference or Source  

pLAW10 Contains the Binding domain. Able to 
synthesize Trp. KanR Yeast-two-hybrid assay Clontech Laboratories 

pLAW11 Contains the Activation domain. Able to 
synthesize Leu. AmpR Yeast-two-hybrid assay Clontech Laboratories 

pSDK2483 Contains HpaF or XopN with a HA-tag Co-immunoprecipitation 
assay 

Laboratory of Dinesh 
Kumar at UC-Davis 

pSDK2484 Contains HFI1 with a Myc-tag Co-immunoprecipitation 
assay 

Laboratory of Dinesh 
Kumar at UC-Davis 

pCAMBIA1305.2 
Binary vector. Contains HFI1 from A. 

thaliana or M. esculenta. 
 KanR - HygR* 

Transformation assays CAMBIA 

pLN1965 Encodes a functional TTSS.  
TetR - SpR Callose deposition assays Guo et al., 2009 

pML123 Gateway® cloning vector.  
Contains no T3Es. GenR Callose deposition assays Guo et al., 2009 

pLN615 pML123 derivative vector.  
Expresses HpaF. GenR Callose deposition assays Trujillo, 2013 
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Supplementary Figures 778 

 779 
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Figure S1.  780 

Agrobacterium-mediated transformation of the A. thaliana mutant line for Ath-HFI1 (hfi1.1 781 

mutant), through floral-dip method using the pCAMBIA1305.2 vector* carrying the HFI1 782 

version either from A. thaliana or M. esculenta, under the 35S strong promoter. *Plasmid map 783 

adapted from CAMBIA (www.cambia.org/daisy/cambia/585). GeneBank Accession number: 784 

AF354046.1 785 

 786 


