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Potato plants transformed with the
Arabidopsis EF-Tu receptor (EFR) show
restricted pathogen colonization and
enhanced bacterial wilt resistance under
conditions resembling natural field
infections

Plantas de papa transformadas con el
receptor de EF-Tu (EFR) de Arabidopsis
presentan una colonizacién restringida
del patégeno y mayor resistencia a la
marchitez bacteriana bajo condiciones
semejantes a la infecciéon natural a campo

Plantas de batata transformadas com o
receptor EF-Tu (EFR) da Arabidopsis
apresentam colonizacao restrita do

patégeno e aumento da resisténcia a
murcha bacteriana em condic¢oes
similares a infec¢ao natural no campo
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Effects of AtEFR in potato BW resistance
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Abstract

Potato is considered a staple food in the world and its production is limited by the presence of bacterial wilt (Bw)
disease caused by Ralstonia solanacearum. Host resistance is the most sustainable and cost-effective strategy
to manage BWw, although resistant commercial potato cultivars are not yet available. Our group incorporated the
EFR receptor of Arabidopsis thaliana (AtEFR), which recognizes the elongation factor Tu, preserved in bacteria,
triggering an immune response. AtEFR was tested in two genetic backgrounds: a susceptible commercial cultivar
(INIA Ipora) and a breeding clone with partial resistance introgressed from Solanum commersonii. In this work,
the effect of the AtEFR receptor on BW resistance was evaluated for the first time, using conditions resembling
natural field infection. In addition, the colonization patterns of wild-type and transgenic lines were compared by
using luminescent and fluorescent R. solanacearum reporter strains. Both approaches showed a delay and a
decrease in the severity of wilting symptoms in the AteFR-transformed genotypes. Differential colonization pat-
terns were observed, revealing a higher bacterial development in the non-transformed plants. This AterR effect
seems more pronounced in the interspecific breeding line, possibly leading to a more effective activation of the
plant immune system.

Keywords: bacterial wilt, EF-Tu receptor, PAMP triggered immunity, polygenic resistance, transgenic potato

Resumen

La produccion de papa es afectada por la marchitez bacteriana (Bw), enfermedad causada por Ralstonia sola-
nacearum. La resistencia del hospedero es la estrategia mas sustentable y efectiva, pero actualmente no exis-
ten cultivares de papa resistentes de aplicacion agrondémica. Nuestro grupo incorporo el receptor EFR de Arabi-
dopsis thaliana (AtEFr), que reconoce el factor de elongacion Tu, conservado en bacterias, desencadenando
una respuesta inmune. AtEFR fue evaluado en dos contextos genéticos: un cultivar de papa comercial suscepti-
ble y un clon avanzado de mejoramiento con resistencia parcial introgresada de Solanum commersonii. En este
trabajo se evalud por primera vez el efecto de AtEFR sobre la resistencia a Bw bajo condiciones semejantes a la
infeccidn natural a campo. Ademas, se compararon los patrones de colonizacion de las lineas salvajes y trans-
génicas mediante inoculacion con cepas reporteras de R. solanacearum luminiscentes y fluorescentes. Ambos
enfoques evidenciaron un retraso y una disminucién de la severidad de sintomas de marchitamiento en los
genotipos transformados AtEFR. Se observaron patrones de colonizacion diferencial con un mayor desarrollo
bacteriano en las plantas no transformadas. Este efecto del receptor AtEFR parece ser mas pronunciado en la
linea de mejoramiento interespecifica, llevando a una activacion mas efectiva del sistema inmune de la planta.

Palabras clave: marchitez bacteriana, papa transgénica, receptor EF-Tu, resistencia mediada por PAMP,
resistencia poligénica

Resumo

A producado de batata é afetada pela murcha bacteriana (BW), uma doenga causada por Ralstonia solanace-
arum. A resisténcia do hospedeiro é a estratégia mais sustentavel e eficaz, mas atualmente néo ha cultivares
de batata resistentes para aplicagdo agronémica. Nosso grupo incorporou o receptor EFR de Arabidopsis tha-
liana (AtEFR), que reconhece o fator de alongamento Tu, conservado em bactérias, desencadeando uma res-
posta imune. O AtEFR foi avaliado em dois contextos genéticos: uma cultivar comercial de batata suscetivel e
um clone de melhoramento avangado com resisténcia parcial introgressada a Solanum commersonii. Neste
trabalho, o efeito do AtEFR na resisténcia ao BW foi avaliado pela primeira vez em condigdes semelhantes a
infec¢do natural no campo. Além disso, os padrdes de colonizagdo de linhagens selvagens e transgénicas
foram comparados por inoculagdo com cepas repérteres luminescentes e fluorescentes de R. solanacearum.

2 AGROCIENCIA URUGUAY 2020;24(NE2)



Fort S, Ferreira V, Murchio S, Schvartzman C, Galvan GA,
Vilaré F, Siri MI, Dalla-Rizza M

“
Y

v )

N

Ambas abordagens evidenciaram um atraso e uma diminui¢do na gravidade dos sintomas de murcha nos ge-
nétipos AtEFR transformados. Padrdes diferenciais de colonizagdo com aumento do desenvolvimento bacteri-
ano foram observados em plantas néo transformadas. O efeito do receptor AtEFR parece ser mais pronunciado
na linhagem interespecifica, levando a uma ativagdo mais eficaz do sistema imunolégico da planta.

Palavras-chave: batata transgénica, murcha bacteriana, receptor EF-Tu, resisténcia mediada por PAMPs,

resisténcia poligénica

1. Introduction

Ralstonia solanacearum is one of the world’s most
important phytopathogenic bacteria due to its lethal-
ity, persistence in the fields, wide host range, and
broad geographical distribution(")(2), This soil-borne
vascular pathogen causes bacterial wilt (BW) in
more than 250 monocot and dicot plant species in
tropical, subtropical and temperate regions®). R.
Solanacearum is considered a species complex
composed by a heterogeneous group of related
strains classified in four lineages termed phylotypes
based on their phylogeography®.

A recent taxonomic revision has led to the distinc-
tion of three separate species within the R. sola-
nacearum species complex. Based on this new
classification, the species R. solanacearum in-
cludes strains from phylotype II, originated from the
southern Americas. Phylotypes | and Ill were as-
signed to the taxonomic species R. pseudosola-
nacearum and phylotype IV has been reclassified
as R. syzygii®).

R. solanacearum infects the roots of host plants,
rapidly colonizes the vascular system and releases
large amounts of exopolysaccharides which ob-
struct the water flow within xylem vessels, causing
wilting symptoms and subsequent plant death®.
The pathogen can alternate hosts and persist,
spread, and survive in different natural habitats, in-
cluding soil, weed, plant debris, rhizospheres. In ad-
dition, it can be spread through irrigation water or
infected planting material hindering disease con-
trol(@®)9), This set of characteristics makes it very
challenging to achieve a sustainable management
of the disease(10),

Potato (Solanum tuberosum L.) is the third most im-
portant food crop after rice and wheat and is con-
sumed by more than a billion people worldwide('?),
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BW caused by R. solanacearum has been estimated
to affect about 1.7 million hectares of potatoes in
approximately 80 countries, with usb 950 million of
global damage yearly('2). Phylotype 11B sequevar 1
(1B-1), formerly known as race 3/biovar 2A, causes
BW of potato in over 90% of this crop in cold and

temperate regions or high altitudes in the trop-
ics(13)(14)(15).

Improving plant resistance is the most sustainable,
cost-effective and environmentally prospect strat-
egy to manage plant diseases. Chemical control is
generally ineffective, phytosanitation and cultural
measures are difficult to apply, and biological con-
trol agents are not commercially available(12)(16)(17),
For most BW susceptible crops, the sources of high
level, gene-for-gene type of resistance encoded by
single dominant genes are scarce('®). Instead, avail-
able sources of resistance are usually polygenic,
being difficult to transfer into desirable cultivars. Alt-
hough quantitative trait loci (QTL) associated with Bw
resistance have been found in tomato(19(0)21), to-
baccol??), eggplant(?) and potato(?4), resistant com-
mercial cultivars are not yet available.

Resistance genes in potato gene pool have been
identified in several potato-related wild species. So-
lanum commersonii Dun has been used as the main
wild genetic resource for the potato breeding pro-
gram at the National Institute of Agricultural Re-
search (INIA), Uruguay. This wild relative is charac-
terized by high genetic diversity(25(26) and desirable
traits, such as low temperature tolerance and re-
sistance to several pathogens, including R. sola-
nacearum(®)(26)(27)28)29)(30)31), Promising accessions
and interspecific hybrids with partial resistance to
BW were obtained from this program(28)29)31)(32),

Although resistance has been identified in some
wild potato species, introgression of these genes
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through classical breeding reached only partial re-
sistance and, usually, a poor agronomic perfor-
mance is also dragged(1®)(33), A specific way to im-
prove plant disease resistance is to enhance the ca-
pability of the plants’ innate immune system(34), Be-
sides constitutive physical and chemical barriers,
plants also have an active recognition of microbial
invaders.

Plants can detect highly conserved microbial mole-
cules, named pathogen- or microbe-associated mo-
lecular patterns (PAMP or MAMP), by pattern recogni-
tion receptors (PRRs) triggering a series of defense
responses. This first defense line named as PAMP
triggered immunity (PTI) includes reactive oxygen
species (ROS) burst, callose deposition, activation of
pathogenesis-related (PR) gene expression, and in-
duction of mitogen-activated protein kinase (MAPK)
cascades(34)(35)(36)(37),

The elongation factor-Tu (EF-Tu) receptor (EFR) from
Arabidopsis thaliana (AtEFR) is @ PRR that recog-
nizes the bacterial PAMP EF-Tu or its eliciting epitope
elf18638). The interfamily transfer of AtEFR has
shown to confer elf18 perception and to increase
pathogens resistance in several plants. This behav-
iour was observed in Solanaceous crops such as
Nicotiana benthamiana against Agrobacterium tu-
mefaciens, Pseudomonas syringae pv. syringae
and P. syringae pv. tabaci, and in tomato against R.
solanacearum(17)34), The EFR contribution on re-
sistance against bacterial diseases was verified
also in monocot species such as rice, against Xan-
thomonas oryzae pv. oryzae, and wheat, against
Pseudomonas syringae pv. oryzae®7#0)41),

Recently, our group evaluated the effect of AtEFR
gene expression on a commercial potato line (INIA
lpord) and an interspecific breeding line (clone
09509.6), carrying quantitative BW resistance intro-
gressed from S. commersonii Dun33). We found that
both AtEFR lines showed greater resistance to R. sol-
anacearum after plant inoculation, under controlled
conditions in a growth chamber. Interestingly, com-
plementation of heterologous expression of AtEFR,
with quantitative resistance acquired from the wild
potato species, was clearly evidenced in BW re-
sistance. It was concluded that this strategy could
be promising to develop resistance against R. sola-
nacearum in potato crop(®3).

Effects of AtEFR in potato BW resistance

In this work, we further explored the application po-
tential of these potato AtEFR transgenic lines by eval-
uating their BW resistance using conditions resem-
bling natural field infection. In addition, the effects of
AtEFR on the R. solanacearum colonization, dissem-
ination and multiplication patterns were evaluated.

We verified that in both potato genetic backgrounds,
AteEFR enhanced the BW resistance under conditions
similar to those of field crops, with lower disease
symptoms both at the foliar and tuber levels. On the
other hand, by studying the bacterial colonization
pattern, we discovered that AtEFR results in re-
striction and limitation of bacteria at basal stem,
which delays or prevents the advance of R. sola-
nacearum to the upper parts of the plant. Moreover,
this effect seems more pronounced in the interspe-
cific breeding line, possibly leading to a more effec-
tive activation of the plant immune system.

2. Materials and methods
2.1 Bacterial strains and growth conditions

Ralstonia solanacearum strain UY031 (race 3,
biovar 2A/phylotype 1B, sequevar 1)#2 and R. sola-
nacearum reporter strains UY031 Pps-lux and
UY031 Pps-GFP(“3) were grown at 28 °C in Kelman
medium supplemented with 2,3,5-trifenil tetrazolium
chloride (T7C) for 48-72 h. Gentamicin was used for

selection of reporter strains (5 and 75 pg-ml~* in
liquid and solid cultures, respectively).

2.2 Plant material and growth conditions

Solanum tuberosum cv. INIA Ipora (susceptible to
BW) and the partially resistant breeding clone
09509.6 were used as wild-type controls in this
study. Clone 09509.6 is a second backcross (BC2)
genotype which harbours partial Bw resistance in-
trogressed from S. commersonii Dun94), In addi-
tion, four AtEFR transformation events (Ipora AtEFR
3, Ipora AtEFR 12, clone 09509.6 AtEFR 34 and clone
09509.6 AtEFR 37) were selected from a previous
study(3),

Plants were micro-propagated in vitro from nodal
stems in Murashige and Skoog (MS) medium with
sucrose 30 g.I'" and kept at 22°C with cycles of 16:8
h light.darkness. After two weeks, plantlets were

AGROCIENCIA URUGUAY 2020;24(NE2)
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transferred into multicell trays containing TREFF soil
mix (Treff Substrates Bv, Moerdijk, The Nether-
lands), and grown for two to five weeks in a green-
house under natural light.

2.3 High tunnel disease assay

For disease evaluation in conditions resembling nat-
ural field infection, a high tunnel plastic house which
fulfilled biosafety level Il regulations for GMO plants
was built. It included anti-insect mesh, and three
replicates (blocks) filled with an enriched soil sub-
strate, contained in elevated cement seed beds and
a disinfection area to prevent outside bacterial dis-
semination (Figure S1, Supplementary Material).
Temperature and relative humidity conditions were
recorded (Table S1, Supplementary Material). The
average temperature varied between 16.93 and
34.51 °C, and average HR between 45.88 and
87.66%.

Plants were micro-propagated in vitro as described
above and grown for five weeks in a greenhouse
prior to transplanting in the high tunnel. In these
trails, Ipora wild-type, Ipora AtEFR 3, Ipora AtEFR 12,
clone 09509.6 wild-type, clone 09509.6 AtEFR 34
and clone 09509.6 AtEFR 37 were assayed.

Experimental plots consisted of 10 plants per geno-
type per plot with a 30-cm distance between plants.
A randomized complete block design was used with
3 replicate plots per treatment. Two field trials were
conducted during the summer season of 2019 and
autumn of 2020.

Soil inoculation was adapted from the protocol de-
scribed by Bonierbaled). Bacterial suspensions
were prepared from overnight liquid cultures of R.
solanacearum UY031 incubated at 28 °C, and spec-
trophotometrically adjusted to a concentration of 108

cfu-ml ™" (ODsoo of 0.1). Petri dishes (9 cm) contain-

ing TTC Kelman medium were inoculated with
100 L of this suspension employing the spread
plate technique, with the aim of achieving confluent
growth throughout the plate. After 48 h incubation,
a piece (1/8) of grown agar plate was buried at 5 cm
distance from each plant and 20 cm deepd).

Disease progression was registered regularly using
an ordinal scale ranging from 0 (asymptomatic
plant) to 4 (all leaves wilted). Weekly evaluations

AGROCIENCIA URUGUAY 2020;24(NE2)
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were performed until all plants from the susceptible
cultivar INIA Ipora died, at 60 days after inoculation
(pai). Tubers from all plants were harvested and vis-
ually inspected for external or internal symptoms of
bacterial wilt infection (white secretion exuding from
eyes or vascular ring of tubers, especially in the
area around the stolon).

Resistance level was calculated by the area under
disease progress curve (AUDPC) based on the aver-
age wilt scoring for each plant. Analysis of variance
(ANovA) was performed to identify significant effects
of the AtEFR transgene, the genetic background, and
the interaction between the main effects on Bw re-
sistance. For each data set, the assumptions of nor-
mality and homogeneity of variances were previ-
ously verified. Means were compared using Tukey’s
multiple comparison test at the 95% confidence
level. Statistical analyses were performed using R
3.6.1146),

2.4 Plant inoculation with R. solanacearum re-
porter strains

For colonization pattern evaluation, plants grown in
a greenhouse for two weeks were transplanted into
individual pots and placed in a growth chamber at
24 °C, with 60% daily/100% night relative humidity,
and a photoperiod of 16 h light/8 h darkness for one
additional week prior to inoculation assays.

Bacterial suspensions were prepared from over-
night liquid cultures of R. solanacearum reporter
strains and spectrophotometrically adjusted to a
concentration of 107 cfu-ml~' as described above.
Plants were soil inoculated by drenching 40 ml of
the bacterial suspension into each pot to reach a
final density of 108 cfu-g-! with previous root wound,
as described by Ferreira and others(®2. Control
plants only inoculated with saline solution were con-
sidered as negative control treatment.

2.5 Luminescent bacteria visualization

For luminescence detection, 12 plants from each
genotype: Ipora wild-type, Iporé AtEFR 3, Ipora AtEFR
12, clone 09509.6 wild-type, clone 09509.6 AtEFR
34, and clone 09509.6 AterR 37 were soil inoculated
with the reporter strain UY031 PPs-lux. Plants were
analyzed using an Invivo MSFX PRO Bruker system,
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taking luminescence images with a 5-minute expo-
sure time and X-ray images, evaluating bacterial
colonization at 3, 4, 5, 6 and 10 pAl.

2.6 Fluorescent bacteria visualization

For fluorescence detection, Ipord wild-type, Ipora
AtEFR 3, Ipora AtEFR 12, clone 09509.6 wild-type,
clone 09509.6 AterR 34, and clone 09509.6 AtEFR 37
plants were soil inoculated with the reporter strain
UY031 pps-GFp. Then, bacterial colonization was
analyzed in root and stems tissues at 2, 7 and
14 pal. Roots and transversal sections of lower
stem were prepared and fixed as described by
Ferreira and others®2) and observed in a confocal
microscope (Leica, TCS-SP5). Three replicates for
each time and genotype were assessed.
Experiments were repeated twice.

3. Results and discussion

3.1 Modified AteEFR potato plants showed en-
hanced Bw resistance in conditions resembling
natural field infections

Plants grown in pots under growth chamber condi-
tions do not necessarily behave the same as crops
grown in the field. This is because of longer growing
cycle and infection times, larger plant size, and the
occurrence of several uncontrolled variables, such
as temperature, light, humidity, water, pests and nu-
trients). Therefore, we decided to study the AtEFR
effect against BwW on potato plants grown under fully
developmental conditions.

Disease evaluation in the field is challenging due to
uneven pathogen concentration in naturally infected
soils. Moreover, since R. solanacearum is able to
persist in the soil for a long time, artificial field
inoculation is no longer possible due to the high
dissemination risk. To overcome these limitations, a
high tunnel was built allowing uniform experimental
conditions and mimic natural field environment
while complying with biosecurity measures.
Additionally, use of high tunnel minimizes the risk of
frost and pests, and allows to reach higher
temperatures, promoting disease resistance
screening.

Effects of AtEFR in potato BW resistance

A significant effect of the AtEFR gene (p<0.0001) and
the genetic background (p=0.0002) on BW re-
sistance was verified under these experimental con-
ditions, while no significant interaction was ob-
served between both main factors (p=0.2511). Ac-
cording to this result, the two sources of resistance
act in an additive way, allowing these main effects
to be analyzed independently. The direct effect of
AtEFR gene on BW resistance was verified in the two
genetic backgrounds evaluated. Based on AubPC
calculation, Ipora and 09509.6 AtEFR transgenic
lines were significantly more resistant than their an-
alogue wild-types (Figure 1A, 1B). Regarding Ipora
plants, Iporéa AtEFR 12 was the most resistant geno-
type, displaying higher resistance even when com-
pared to Ipora AtEFR 3 (p<0.0001). No differences
were observed between transgenic lines 09509.6
AtEFR 34 and 37, showing both significant higher Bw
resistance compared to the non-transformed clone
09509.6 (p<0.0001).

Differences in BW resistance are also reflected in the
symptoms observed for each genotype at the end of
the trial (Figures 1C-1H). As expected, plants of the
susceptible cultivar INIA Ipora wild-type were the first
to exhibit wilting symptoms, and all replicate plants
were dead from 60 days after inoculation (Figure
1C).

The transgenic lines Ipora AteFR 3 and 12 showed
33% and 50% of plant survival, respectively (Fig-
ures 1D, 1E). The most relevant effect was ob-
served for plants derived from clone 09509.6 (Fig-
ures 1F-1H). In this case, reduced disease symp-
toms and four-time higher survival rates were ob-
served for both 09509.6 AtEFR lines compared to the
non-transformed clone 09509.6.

After completing the symptoms follow-up, tubers
from high tunnel assays were harvested and ana-
lyzed for BW symptoms (Figure 2A). At this stage, a
high correlation between foliage and tuber symp-
toms occurrence was observed. Interestingly, AtEFR
plants showed a lower proportion of symptomatic tu-
bers compared to the wild-type controls, although
this difference was significant only for the 09509.6
genotypes (Figure 2B).

AGROCIENCIA URUGUAY 2020;24(NE2)
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Figure 1: Bacterial wilt (Bw) resistance evaluation by high tunnel assays using conditions similar to natural
field infection. (A) BW progress curves on Ipora, clone 09509.6 and their AtEFR transformation events after soil
inoculation with Ralstonia solanacearum strain UY031. (B) Area under the disease progress curve (AUDPC)
values for the average wilting scores + SD as means of two independent experiments. Values followed by the
different letters are significantly different (Tukey’s HDL multiple comparison test, p < 0.05). (C-H) Representa-
tive experimental plots of Ipora wild-type (C), Ipora AtEFR 3 (D), Ipora AterR 12 (E), clone 09509.6 wild-type (F),
clone 09509.6 AtEFR 34 (G), and clone 09509.6 Aterr 37 (H) at 60 days after inoculation (DAl).
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1] 5 10 15 20 25 30 a5 ao 45 ] LG (1] B5 37 60‘96130’40 b
DAYS AFTER INOCULATION

These results reflect that the response of AtEFR po-
tato plants toward Bw persists up to tuberization.
Even though detection of latent infection was not
carried out in this work, we have previously verified
that these AtEFR genotypes exhibit a lower propor-
tion of latently infected tubers(33).

AGROCIENCIA URUGUAY 2020;24(NE2) 7



Figure 2: Harvesting of tubers from high tunnel as-
says using conditions similar to natural Ralstonia
solanacearum field infection. (A) Tubers were har-
vested 74 DAI from all experimental plots, and inci-
dence of BW symptoms in tubers was determined
for wild-type controls and AteFRr-transformed lines.
(B) Bars represent the number of tubers harvested
from 12 randomly chosen plants from each geno-
type. Tubers with BW symptoms are represented in
dark gray, while asymptomatic tubers are denoted
in light gray. Similar results were obtained from two
repeated independent experiments but only results
obtained from the last trial (autumn, 2020) are
shown.

100%
90%
805

70%
60%
506
40%
30%
206
= i
0%

Ipord wild-  Ipord AtEFR 3 Ipord AltI'R Clone wild-  Clone AtETR Clone AtEFR
type type

B Symptomatic tuber Asymptomatic tubers

In this study, we demonstrate that AteFrR potato
plants show better behavior when Bw is present in
conditions resembling those in the field. This ap-
proach could be a promising alternative to minimize
potato crop bacterial wilt infections. Recently, AtEFR
expressed in tomato was shown to be effective in
the field as well(). Genetic engineering of PAMP
recognition has several advantages over the current

Effects of AtEFR in potato BW resistance

alternatives to improve resistance to phytopatho-
gens. Using the plant’s own immune system to com-
bat plant diseases should reduce agrochemical in-
puts and their associated financial, health and envi-
ronmental costs®4). In contrast to a breeding strat-
egy based on introgression of R genes, the incorpo-
ration of PRRs would have the potential to confer re-
sistance to a wide range of pathogens. Moreover,
given the conserved and essential nature of PAMPS
like EF-Tu, mutations are less frequent since they
are more likely to penalize pathogen fitness. Thus,
it may be less likely for pathogens to evade recog-
nition by PRRs through PAMP mutations than through
effectors mutations(®4).

The overexpression of a heterologous PAMP recep-
tor to confer PTI, combined with introgressed quan-
titative resistance, presumably having different
mechanisms of pathogen suppression, may prove
more durable resistance than using either approach
alone®3), This strategy may constitute an important
element toward an integrated control of Bw in po-
tato.

3.2 Bacterial colonization is restricted in potato
lines combining quantitative resistance with
AterR effects

In order to gain a much deeper insight into the bac-
terial infection progress in AtErR lines, we inoculated
plants with luminescent and fluorescent R. sola-
nacearum reporter strains, and periodically evalu-
ated their colonization patterns. While Grp-labelled
reporter strains allowed the detection of bacteria at
the single-cell level“8), luminescent reporters are
more sensitive, allowing a non-destructive in vivo
imaging, and quantification of the emitted lumines-
cence that could be correlated with bacterial loads
in infected tissues3).

Transgenic plants Ipora AterrR 3 and clone 09509.6
AtEFR 34 were selected for bacterial colonization as-
says, since these genotypes showed contrasting re-
sponses compared to non-transformed genotypes
under growth-chamber conditions (data not shown).

Plants inoculated with the UY031 pps-lux were eval-
uated 3, 4, 5, 6 and 10 days after inoculation (Fig-
ure 3). The pathogen was observed for the first time
at 5 paiin 7 out of 12 of Ipora wild-type plants, and 6
out of 12 of Ipora AtEFR 3 plants (Figures 3A, 3B). At
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this point, luminescent bacteria were not detected in non-transformed clone 09509.6. Plant infection ad-
any of the plants derived from clone 09509.6. Only 6 vanced rapidly, and at 10 pal, bacteria had already
days after inoculation, the pathogen bacteria ap- colonized 9 of these plants, with an extended median
peared for the first time in 1 out of 12 plants of the colonization pattern (Figure 3C).

Figure 3: Representative X-ray and luminescence images of potato plants Ipora wild-type (A), Ipora AtEFR 3
(B), clone 09509.6 wild-type (C), and clone 09509.6 Aterr 34 (D) soil inoculated with Ralstonia solanacearum
strain UY031 pps-lux. Bacterial colonization was evaluated 3, 4, 5, 6 and 10 DAL. In this figure images are pre-
sented at 5 DAI (the first time R. solanacearum was observed in plants of the susceptible potato cultivar Ipora
wild-type and the transgenic line Ipora Aterr 3), and 10 DA (the first time it was seen in the partial resistant po-
tato breeding line clone 09509.6 wild-type). Within each observation time, upper images represent X-ray pho-
tography, and lower images represent luminescence photography, where luminescent bacteria (R. solanacea-

rum strain UY031 pps-lux) is displayed in white.

A B C D

Ipora wild-type Ipora AtEFR 3 Clone 09509.6 wild-type Clene 09509.6 AtEFR 34
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However, in clone 09509.6 AtEFR 34, only 2 out of 12
plants began to show some bacteria on their stems
at 10 pai, denoting the strong effect of AtEFR in this
genetic background (Figure 3D). In contrast, 11 out
of 12 of the Ipora wild-type plants, and 10 out of 12
of Ipora AtEFR 3 plants showed a large spread of
pathogen through the stem at that time.

In clone 09509.6, the effect of the AtEFR gene seems
to be determinant on delaying the appearance of R.
solanacearum, and hindering development of its
colonization through the stem. Whereas in Ipora
background, the existing difference is not so notice-
able between wild-type and transformed plants.

Effects of AtEFR in potato BW resistance

3.3 BW resistance in AtEFR potato lines is corre-
lated with restricted bacterial colonization at
stem-base level

In inoculation assays with the fluorescent reporter
strain UY031 PPS-GFP, no infection was observed at
2 pAl, by microscopic evaluation neither in stems
nor in roots (Figure 4 and 5). Only 7 pal, roots from
all genotypes were already colonized, but at this
point differences in stems colonization between
Ipora and clone 09509.6 plants were observed.
None of the clone 09506.9-derived plants, neither
wild type nor AtEFR 34, showed fluorescent bacteria
at 7 pai (Figures 5A, 5B).

Figure 4: Representative confocal fluorescence micrographs of roots and stem cross-sections of potato plants

soil inoculated with Ralstonia solanacearum strain UY031 pPs-GFP. Bacterial colonization was evaluated 2 and

7 DAI, in the susceptible potato cultivar Ipora wild-type (A), and Iporé Aterr 3 (B). Fluorescent bacteria (R. sol-
anacearum strain UY031 Pps-GFP) is displayed in green.

A

Ipora wild-type

2 dai

B

Ipora AtEFR 3

7 dai

10
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At 14 pal, Ipora-derived plants were dead. At this
time, bacteria were displayed with a high load and
wide distribution in the basal stem of clone 09509.6
wild-type (Figure 5A). Interestingly, fluorescent bac-
teria were not detected in none of the plants of clone
09509.6 AteFR 34 (Figure 5B).

Taking together, AtEFR transgenic plants show more
resistance in part because they are more effective
at preventing pathogen multiplication at the stem
base, thus hindering its spread to the aerial part,

o X

which explains the delayed onset of wilting symp-
toms in our trial.

In a similar study, it was also shown that EFR-based
resistance in tomato is due to restricted bacterial
colonization from lower stem('7). Interestingly, this
capability to restrict bacterial colonization by limiting
dissemination along the stem was observed in non-
transgenic  resistant potato®2 and tomato
plants“9)(s0),

Figure 5: Representative confocal fluorescence micrographs of roots and stem cross-sections of potato plants

soil inoculated with Ralstonia solanacearum strain UY031 pPs-GFP. Bacterial colonization was evaluated 2 and

7 DA, in the partial resistant potato breeding line clone 09509.6 wild-type (A), and clone 09509.6 AtEFR 34 (B).
Fluorescent bacteria (R. solanacearum strain UY031 PPS-GFP) is displayed in green.

A

Clone 09509.6 wild-type

B

Clone 09509.6 AtEFR 34

2 dai

7 dai

14 dai
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4. Conclusions

In this study, we proved that AteFR-transformed po-
tato lines display higher Bw resistance levels com-
pared to the non-transformed genotypes. The AtEFR
effect was verified for the first time in conditions re-
sembling those in the field. These results highlight
the potential of AtEFR potato plants as a promising
commercial crop alternative method. Furthermore,
the combination of a PAMP receptor reinforcing PTI,
with introgressed quantitative resistance, turned out
to be a valuable strategy, showing better results
than using each approach separately.

In addition, by comparing pathogen colonization
patterns among the genotypes, we conclude that re-
sistance improvement of AtEFR genotypes could be
attributed to a more effective restriction of the path-
ogen at stem base, hindering its spread to the aerial
part of the plant, which explains the reduced and de-
layed onset of wilting symptoms. Wholly preventing
the spread of the bacteria through the tubers contin-
ues to be a goal for improvement.

In prospect, it would be very useful to perform a
massive transcriptomic analysis (RNA-Seq) in order
to identify genes associated with the response me-
diated by the EFR/EF-Tu recognition, as well as the
effect of minor resistance genes introduced by con-
ventional breeding.
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Supplementary material

Figure S1: Representative photographs of the high tunnel. Its structure fulfills biosafety level Il regulations for
GMOs plants. It includes anti-insect mesh, and three replicates (blocks) filled with an enriched soil substrate,
contained in elevated cement seed beds, and a disinfection area to prevent outside bacterial dissemination.

Table $1: Temperature and relative humidity data from hightunnel trial during autumn season of 2020.

Date Average Minimum Maximum Average Minimum Maximum
Temperature
(°C) Temperature (°C)  Temperature (°C) HR HR HR

5-10 February 2020 27.56 20.72 36.97 60.24 32.82 84.17
11-20 February 2020 26.22 17.58 37.40 61.30 28.70 91.46
21-29 February 2020 22.64 13.58 36.21 59.39 24.51 87.67
1-10 March 2020 25.50 17.50 37.07 66.49 32.99 93.21
11-20 March 2020 22.19 15.85 32.55 81.64 52.49 97.23
21-31 March 2020 25.70 17.60 40.67 75.92 38.08 97.08
1-10 April 2020 19.74 12.69 31.13 68.99 35.07 91.98
11-20 April 2020 20.10 12.02 32.83 73.38 34.48 94.82
21-30 April 2020 20.24 14.10 30.71 77.74 46.53 95.81
1-10 May 2020 15.89 8.63 27.50 73.55 39.98 93.34
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