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Plants are continuously challenged by pathogens, affecting most staple crops compromising food
security. They have evolved different mechanisms to counterattack pathogen infection, including the
accumulation of pathogenesis-related (PR) proteins. These proteins have been implicated in active
defense, and their overexpression has led to enhanced resistance in nuclear transgenic plants, although
in many cases constitutive expression resulted in lesion-mimic phenotypes. We decided to evaluate
plastid transformation as an alternative to overcome limitations observed for nuclear transgenic
technologies. The advantages include the possibilities to express polycistronic RNAs, to obtain

higher protein expression levels, and the impeded gene flow due to the maternal inheritance of the
plastome. We transformed Nicotiana tabacum plastids to co-express the tobacco PR proteins AP24 and
B-1,3-glucanase. Transplastomic tobacco lines were characterized and subsequently challenged with
Rhizoctonia solani, Peronospora hyoscyamif.sp. tabacina and Phytophthora nicotianae. Results showed
that transplastomic plants expressing AP24 and 3-1,3-glucanase are resistant to R. solani in greenhouse
conditions and, furthermore, they are protected against P.hyoscyami f.sp. tabacina and P. nicotianae

in field conditions under high inoculum pressure. Our results suggest that plastid co- expression of PR
proteins AP24 and 3-1,3-glucanase resulted in enhanced resistance against filamentous pathogens.

Plant diseases affect most staple crops decreasing productivity worldwide and severely compromising food secu-
rity'*3. Management of diseases caused by fungal and oomycete pathogens is mainly achieved by applications of
chemicals that cost hundreds of millions of dollars annually, some of which are likely to be banned in the near
future. Moreover, due to rapid evolution of the pathogen population, resistant strains could be selected*®. The
situation is expected to get worse, taking into account the current rate of human population growth, the effect of
climate change, the movement of contaminated material, the prevalence of monocultures and the rise in overall
cultivated area®.

Plants have evolved different mechanisms to counterattack pathogen infection, including several layers of
constitutive and inducible defences”®. For induction to occur, plants have evolved immune receptors that activate
effective defense responses upon detection of pathogens molecules. Plant immunity is triggered by the detection
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of microbe-, pathogen- or damage-associated molecular patterns (MAMPs, PAMPs or DAMPs respectively) that
lead to pattern-triggered immunity (PTI), and by the detection of effectors that activate effector-triggered immu-
nity (ETI)”°. PAMP and effector recognition trigger local signalling events including ion fluxes, production of
reactive oxygen species (ROS) and induction of protein kinases, leading to the production of phytohormones,
phytoalexins, phenolic compounds and pathogenesis-related (PR) proteins'?, ultimately leading to a hypersen-
sitive response (HR), a type of programmed cell death that takes place at the site where pathogen attempts inva-
sion!). Salicylic acid (SA) and jasmonate (JA) are recognized as the most important hormones for plant immune
responses, with SA and JA biosynthesis and signalling being historically related to defense against biotrophic or
necrotrophic pathogens, respectively'>". SA accumulation and the coordinated activation of PR genes are nec-
essary for the establishment of Systemic Acquired Resistance (SAR) in tissues distant from the primary infection
site!1,

PR proteins comprise a group of inducible and functionally diverse proteins that accumulate in response to
pathogen attack. These proteins have been implicated in active defense, potentially restricting pathogen devel-
opment and spread!®!®!7. Transcripts corresponding to PR proteins accumulate within minutes to hours of
PTI and ETI induction, the expression of most of them being regulated by SA. To date, seventeen families of
PR proteins (PR-1 to PR-17) have been described in most plant species'®. Regarding their role in defense, PR
proteins can directly affect pathogen integrity, and/or generate signal molecules through their enzymatic activ-
ity that act as elicitors to induce other plant defense related pathways!®!¢!”. Most PR protein families include
members whose activities are coherent with a role in plant defense against fungal and/or oomycete pathogens:
B-1,3-endoglucanases (PR-2), endochitinases (PR-3, 4, 8 and 11), thaumatin-like proteins (PR-5), defensins (PR-
12), thionins (PR-13) and lipid transfer proteins (PR-14)°.

A sustainable method for disease management is growing disease resistant varieties that provide durable
resistance'®. For several decades now, breeding strategies transferring mainly monogenic resistance from wild
relatives to crops has proved to be a useful strategy to deploy resistant varieties in the field, although in most cases
resistance was not long-lasting due to pathogen evolution'*?. Stacking of major resistance (R) genes can help to
overcome this limitation, but even when accelerated by marker-assisted selection, this strategy comes with certain
difficulties, particularly for highly polyploid species and/or species who reproduce mainly by clonal propagation,
together with the limitation for discovering new R genes in sexually compatible species®’. Genetic engineering has
provided a powerful tool to overcome many limitations of conventional breeding strategies, prompted by a more
thorough understanding of the molecular basis of disease-resistance in plants*'~2. As a general rule, the deploy-
ment of genetic engineering approaches that involve the expression of two or more antimicrobial gene products,
including PR proteins, in a specific crop should provide more effective and broad-spectrum disease control than
the single-gene strategy?~?’. The efficiency of PR genes in transgenic approaches to obtain pathogen resistance is
well documented (for a review see'”**??). Numerous transgenic plant developments have been reported in which
varying degrees of protection against specific fungal and/or oomycete pathogens have been achieved. However,
in many cases the levels of associated resistance were insufficient for breeding purposes?>*°. Moreover, constitu-
tive expression of PR proteins can result in a lesion mimic phenotype (i.e., the spontaneous formation of lesions
resembling HR lesions in the absence of a pathogen) that can arise as an undesirable consequence®'~**. In order to
be adopted by farmers, strategies to deploy disease resistance, should be able to control specific diseases without
affecting crops yield or quality®.

Plastid genome (plastome) transformation could overcome limitations mentioned above. This alternative
approach enables the accumulation of higher levels of heterologous proteins enclosed in the organelle, with
reported values of up to 51% and even 70% of total soluble protein (TSP) in Nicotiana tabacum plants*>*¢. Other
advantages over nuclear genome transformation include the absence of positional effects and silencing, as well as
the reduced risk of transgene transfer to compatible wild relatives as a consequence of the maternal inheritance
of plastids in many crops®”8. Transplastomic plants have been developed for multiple purposes, including but
not limited to, molecular farming, metabolic engineering, and phytoremediation®’. Regarding biotic stress resist-
ance, transplastomic plants accumulating long double-stranded RNA in their plastids have successfully controlled
insects*. Promising results regarding resistance to fungal pathogens published to date include the transformation
of the chloroplast genome to accumulate MSI-99 (a synthetic antimicrobial peptide)*"*?, and the expresion of
chloroperoxidase from Pseudomonas pyrrocinia®, both cases resulting in strong inhibition of spore germina-
tion and/or growth in Aspergillus flavus, Fusarium moniliforme, and Verticillium dahliae (in vitro assays), and
limitation of lesion size after inoculation of transplastomic plants with Alternaria alternata*® or Colletotrichum
destructivum*. To date, there are no reports demonstrating whether plastid transformation is a suitable strategy
to control oomycete pathogens. This particular phylogenetic group includes Phytophthora sp., one of the most
destructive genera, whose member species are responsible for severe economic losses on crops worldwide, as well
as environmental damage in natural ecosystems***.

In this work we have tested whether transformation of the plastid genome to express PR proteins in the
chloroplast stroma protects tobacco against three dangerous filamentous pathogens with different lifestyles: a
necrotrophic fungal pathogen (Rhizoctonia solani), a hemibiotrophic oomycete (Phytophthora nicotianae) and
an obligate biotrophic oomycete (Peronospora hyoscyami f.sp. tabacina). We chose to co-express a N. tabacum
basic 3-1,3-glucanase (an antifungal hydrolase associated with SAR response in plants belonging to the PR-2
family), and the N. tabacum osmotin AP24 (PR-5 family), both proven to effectively control fungal and oomycete
pathogen infection in different transgenic crops'”-*#. Protection against R. solani was assessed in greenhouse
conditions while field trials were carried out for P. hyoscyami f. sp. tabacina and P. nicotianae. Transplastomic
plants expressing both AP24 and (3-1,3-glucanase are highly resistant to R. solani and moreover, are protected
against P. hyoscyami f. sp. tabacina and P. nicotianae in field conditions under high inoculum pressure. Our
results indicate that co-expression of AP24 and $3-1,3-glucanase in the chloroplast enhanced resistance against
filamentous pathogens.
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Figure 1. Design of the plastid transformation vector putrAP24-Gluc. Vector putrAP24-Gluc includes AP24
and 3-1,3-glucanase coding sequences downstream promoter and 5" untranslated region of psbA (psbA). The
5’ untranslated region from T7 phage gene 10 (T7 UTR) provides a functional ribosome binding site (RBS) for
3-1,3-glucanase. The aadA sequence is under the control of the rrn operon promoter (Prrn). We included left
flanking region (LFR) and right flanking region (RFR) as recombinogenic sequences. trnl/A: probe used in
Southern blot assays. Primers used in PCR are indicated by arrows.
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Figure 2. Analysis of transgene integration and homoplasmic state. (A) Transplastomic nature of the plants
was confirmed by PCR analysis, using Fwl and Rv1 (above) and Fw2 and Rv2 primers (below). WT: wild-type
tobacco plant. MW: Lambda BstEII marker. (B) Homoplasmy and stable integration of transgenes was evaluated
by Southern Blot with a trnl/A probe (wild-type plastome: 6, 4 kbp, transformed plastome: 9, 6 kbp). Bands
corresponding to a 1-kb DNA marker are indicated on the right.

Results

Production of transplastomic N. tabacum expressing AP24 and (3-1,3-glucanase. To obtain
transplastomic tobacco plants (N. tabacum L. cv. Petit Havana, WT) expressing AP24 and 3-1,3-glucanase, we
designed a vector designated putrAP24-Gluc (Fig. 1). This vector is derived from the pPBSW-utr vector and con-
tains N. tabacum sequences to target the integration of transgenes into the intergenic region between the 16S
and trnl genes by homologous recombination?”. AP24 and (3-1,3-glucanase coding sequences were assembled to
generate a dicistronic RNA, where the second cistron is preceded by the 5’-untranslated region (5-UTR) from
gene 10 of the T7 phage (T7g10)*® (Fig. 1). putrAP24-Gluc was used to transformed N. tabacum plastid genome
by particle bombardment of tobacco leaves.

We confirmed the transplastomic nature of the regenerated shoots by PCR, using the Fwl and Rv1 primers
(Fig. 1). Three independent lines (utrAP24-Gluc 2, 6 and 7) showing integration of the construct at the desired
location in the plastid genome were obtained (Fig. 2A). Another PCR assay was performed using the Fw2 and
Rv2 primers to confirm the integrity of the inserted transgenes. This assay showed a fragment of the expected
size in utrAP24-Gluc 2 and 6 lines, but not in utrAP24-Gluc 7 (Fig. 2A). These lines were subjected to additional
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Figure 3. Characterization of transcripts containing the glucanase and AP24 sequence of transplastomic
plants. (A) Physical map showing expected RNA transcripts from each promoter in transplastomic plants. (*)
polycistronic read-through transcript (4.5kb), (**) tricistronic transcript (2.9kb). (***), dicistronic transcript
(1.8kb). AP24 probe and Glucanase probe are indicated. (B) Northern blot using glucanase (left panel) and
AP24 (right panel) probes showing transcript generation. *Policistronic, **tricistronic, ***dicistronic, and
endogenous glucanase and AP24 mRNAs (<and >, respectively). Total rRNA visualized under UV light was
included as loading control.

rounds of regeneration under selective pressure to achieve homoplasmy. Mature plants were transferred to soil
for further characterization.

Molecular and phenotypic characterization of transplastomic plants. To evaluate the stable inte-
gration of the transgenes in the plastid genome, and the homoplasmy of transplastomic lines, we analyzed by
Southern blot the total leaf DNA digested with Ncol. We used a trnl/A probe that allows distinguishing the
presence of wild-type plastome copies (6.4 Kbp fragment) from transformed plastome copies (9.6 Kbp fragment)
(Fig. 1). Only the 9,6 Kbp transgenic DNA fragment was detected in utrAP24-Gluc lines 2 and 6, with no visible
band corresponding to wild-type plastome (Fig. 2B). In the case of utrAP24-Gluc line 7, a band of smaller size was
observed (Fig. 2B), in agreement with the results observed by PCR (Fig. 2A). The results confirmed the transplas-
tomic nature of all the utrAP24-Gluc lines, as well as their homoplasmic state.

To evaluate transcript profiles in the transplastomic plants, we performed a northern blot assay probed with
sequences homologous to AP24 and glucanase. As observed in Fig. 3B, a band corresponding to the endogenous
glucanase and AP24 mRNAs could be observed in all analysed samples (< and >, respectively). Also, three major
transcripts from transplastomic origin could be detected in utrAP24-Gluc 2 and 6 transplastomic lines. The dicis-
tronic transcript (***) transcribed from the psbA promoter was the most abundant, in accordance with previous
reports®*’. The rrn promoter included to control aadA and AP24/Glucanase expression was responsible for a
tricistronic transcript (**). We could also detect a larger transcript originated as a consequence of read-through
transcription from an endogenous rrn promoter (*, Fig. 3A). Expected transcript sizes were approximately 1.8 kb
for the dicistronic, 2.9 kb for the tricistronic and 4.5 kbp for the largest transcript, in agreement with their electro-
phoretic mobility relative to the mobility of rRNA 25S and 168 transcripts (3.7 and 1.5kb, respectively)

We decided not to include the utrAP24-Gluc 7 line in the following experiments, since it presents unexpected
band profiles in PCR, Southern blot (Fig. 2), and northern blot (Fig. 3) assays.

To determine (3-1,3-glucanase and AP24 protein accumulation, we analysed utrAP24-Gluc 2 and 6 trans-
plastomic lines and control plants protein extracts by western blot (Fig. 4). As control plants we included the
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Figure 4. Expression of AP24 and 3-1,3-glucanase in transplastomic plants. For western blot assay, lanes were
loaded with total protein extracts obtained from 4 mg of fresh leaf tissue from wild-type (WT) or transplastomic
plants (utrGus, utrAP24-Gluc 2 and 6). The position of molecular weight marker (Bio-Rad Prestained SDS-
PAGE Standards, broad range) is indicated on the middle. 3-1,3-glucanase and AP24 positions are indicated
with < and >, respectively. The band corresponding to the large subunit of RuBisCO (RbcL) after Ponceau Red
staining was included as the loading control.

transplastomic line utrGus*” and wild-type tobacco plants. Both proteins could be detected in utrAP24-Gluc 2 and
6 plants, indicating that overexpression of these PR proteins can be achieved by plastid genome transformation.

To further confirm homoplasmy, and in order to evaluate the phenotype of utrAP24-Gluc transplastomic
plants, we germinated seeds in spectinomycin containing media. As observed in Fig. 5A, all the seeds from lines
utrAP24-Gluc 2 and 6 germinated in the presence of spectinomycin and presented a normal phenotype that was
maintained throughout plant development. As observed in Fig. 5B, mature transplastomic plants were indistin-
guishable from their non-transformed counterparts.

Enhanced disease resistance of transplastomic tobacco plants to R. solani under greenhouse
conditions. To evaluate if expression of AP24 and 3-1,3-glucanase coding sequences from the chloroplast
genome can protect tobacco plants against filamentous pathogens, we challenged transplastomic tobacco lines
utrAP24-Gluc 2 and 6 with the necrotrophic soil-borne fungal pathogen R. solani, the causal agent of tobacco
leaf spot and root rot, under greenhouse conditions*. We could observed for utrGus and wild-type tobacco
plants the characteristic symptoms caused by R. solani (as previously described*), consisting on small stem
water-soaked lesions that rapidly became brown and sunken, predominantly at the lower part of the stem, near
the soil (Fig. 6A). As disease progressed, these lesions expanded throughout the stems and the tissue turned
brown and finally died. Disease incidence was high on utrGus and wild-type plants but was significantly lower in
utrAP24-Gluc 2 and 6 transplastomic lines (Fig. 6B). Symptom development was in accordance with fungal bio-
mass quantification in the colonized roots of control and utrAP24-Gluc 2 and 6 transplastomic plants (Fig. 6C).
These results indicate that chloroplast genome transformation with AP24 and (3-1,3-glucanase coding sequences
protects tobacco plants from a necrotrophic fungal pathogen infection.

Enhanced disease resistance of transplastomic tobacco plants to P. nicotianae and P. hyoscy-
amif. sp. tabacina infection under field conditions. To evaluate the performance of utrAP24-Gluc
transplastomic plants in natural infections, we designed field trials that were carried out in experimental fields
located at the Center of Biotechnology and Genetic Engineering, Havana, Cuba, as previously described®. Under
field conditions the transplastomic tobacco lines utrAP24-Gluc 2 and 6 also showed enhanced resistance to
the hemibiotrophic oomycete P. nicotianae, responsible for the black shank disease. At five days post-planting
utrGus and wild-type plants presented slight disease symptoms whereas no symptoms were observed on the
utrAP24-Gluc 2 and 6 transplastomic plants. Five days later, we observed leaf wilting and stem rot (considered to
be severe disease symptoms*’) in the utrGus and wild-type plants. On the other hand, both transplastomic lines
expressing AP24 and (3-1,3-glucanase combination remained healthy, indicating a high level of resistance to P.
nicotianae (Fig. 7A). Furthermore, as quantification of oomycete biomass by real-time PCR, confirmed that P.
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Figure 5. Phenotypes of transplastomic tobacco plants. (A) Seeds from wild-type (WT) or transplastomic
plants (utrAP24-Gluc 2 and 6) were germinated on synthetic medium with (+Sp) or without (—Sp)
spectinomycin (500 mg/L). Phenotypes were recorded 15 days after sowing the seeds. (B) Phenotypes of wild-
type (left) and transplastomic plants utrAP24-Gluc 2 (center) and utrAP24-Gluc 6 (right) recorded 8 and 12
weeks after sowing the seeds.

nicotianae gradually increased in utrGUS and wild-type plants while only a minor increase in pathogen biomass
was observed in utrAP24-Gluc 2 and 6 transplastomic plants (Fig. 7B).

To analyze the performance of utrAP24-Gluc plants against the obligate biotrophic oomycete P. hyoscyami f.
sp. tabacina, we carried out field trials during the season with high prevalence of tobacco blue mold, as described
in*. Remarkably, utrAP24-Gluc 2 and 6 transplastomic plants showed a high level of resistance to P. hyoscyami
f. sp. tabacina when compared with utrGus and wild-type control plants (Fig. 7C). At 35 days post-planting, we
could observe clear disease symptoms in the utrGus and wild-type control plants. Control plants died as a result
of disease progression while utrAP24-Gluc 2 and 6 transplastomic lines remained healthy (Fig. 7C). As previously
observed in our experiments, disease resistance was associated with very low accumulation of pathogen biomass.
Real-time PCR confirmed that a slight increase in biomass occurred in the utrAP24-Gluc 2 and 6 plants in con-
trast to what occurs in utrGus and wild-type control plants (Fig. 7D).

Field trial assay results further suggest that transplastomic tobacco plants transformed at the plastid genome
level to express AP24 and (3-1,3-glucanase in the chloroplast are resistant against a broad spectrum of phylogenet-
ically diverse filamentous pathogens.

Discussion

Several strategies have been evaluated to obtain disease resistant crops through genetic engineering of the nuclear
genome, including overexpression of PR proteins coding genes (for a review see'”?%). Although constitutive
expression of PR proteins has been considered a promising strategy, limitations were observed, including low
expression levels and the appearance of lesion mimic phenotypes®**?, have made it non-viable from a breed-
ing perspective. In order to evaluate if tobacco PR proteins AP24 and (3-1,3-glucanase can provide protection
against filamentous pathogens without any associated undesired phenotypes when expressed from the plastid
genome, we took advantage of plastid genome transformation of tobacco plants. Tobacco is the most impor-
tant non-food crop worldwide. Its production is limited by filamentous pathogens (Peronospora hyoscyami f.sp
tabacina, Phytophthora nicotianae and R. solani), and pests (especially Heliothis virescens and M. persicae)™. In
addition, tobacco is a model species for studies in Solanaceae family, which includes members that are crucial as
food sources, including potato, tomato and pepper. We could obtain three independent and homoplasmic trans-
plastomic tobacco lines transformed at the plastid genome level with the N. tabacum AP24 and (3-1,3-glucanase
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Figure 6. Greenhouse evaluation of transgenic tobacco plants for resistance against Rhizoctonia solani. (A)
Phenotype of wild-type (above) and utrAP24-Gluc 2 (below) tobacco plants inoculated with R. solani at 3 weeks
post-inoculation (wpi). (B) Evaluation of disease incidence of R. solani in transplastomic tobacco plants. (C)
Quantitative real time PCR to measure R. solani (fungal biomass) growth in transgenic plants at 3 wpi. Bars
represent mean values (N =90; +SD). Different letters within the columns indicate significant differences

(p <0.0001).

coding sequences. One of these lines, utrAP24-Gluc 7, showed unexpected profiles in transgene-specific PCR,
Southern and northern blot assays (Figs 2 and 3), suggesting rearrangements in the plastid genome. For this
reason, this line was not included in the infection assays. Tobacco transplastomic lines utrAP24-Gluc 2 and 6
showed expression of both transgenes AP24 and (3-1,3-glucanase, and presented a phenotype indistinguishable
from control plants (wild-type and transplastomic tobacco line utrGus). When these lines were challenged with
the necrotrophic fungal pathogen R. solani under greenhouse conditions, they exhibited an outstanding resist-
ant phenotype compared to control plants (Fig. 6). The same transplastomic tobacco lines AP24-Gluc 2 and 6
were evaluated to assess their performance under field conditions for infection with the oomycetes P. hyoscyami
f.sp tabacina (biotroph) and P. nicotianae (hemibiotroph) (Fig. 7). Remarkably, utrAP24-Gluc plants showed a
resistant phenotype against these two oomycete pathogens under high inoculums pressure as evidenced by a high
disease incidence in the control plants. According to previous publications, AP24 (PR-5) and (3-1,3-glucanase
(PR-2), are implicated in defense responses against a diverse group of pathogens, including fungal and oomycete
pathogens with different lifestyles!®!”. For instance, Arabidopsis cep mutant with constitutive expression of PR-1,
PR-2 and PR-5 showed enhanced resistance to Peronospora parasitica®. Transgenic plants transformed at the
nuclear genome level to overexpress osmotin from different sources conferred variable degrees of protection
against filamentous pathogens including R. solani*>*, Botrytis cinerea, Oidium lycopersicum Leveillula taurica and
Phytophthora infestans®>>, Sclerotinea sclerotiorum®, Fusarium pallidoroseum and Colletotrichum sp.*°. Protection
against different filamentous pathogens in transgenic plants due to basic 3-1,3-glucanase overexpression, has
been observed for R. solani®’, Phytophthora infestans®®, Fusarium sp.”®, Cercospora arachidicola and Aspergillus
flavus®. A strategy based on the combination of multigene tolerance has been shown to improve the degree of
resistance, as well as its durability. In some cases, co-expression of two or more PR proteins was able to provide
an increased protection against filamentous pathogens in transgenic plants*#®!. As observed from the literature,
over-expressing osmotin or a 3-1,3-glucanase has been proven to protect plants effectively against R. solani, but as
far as we know, there is no report of their efficacy to control P. hyoscyami f.sp. tabacina or P. nicotianae in trans-
genic plants overexpressing these particular PR proteins.

The expected subcellular localization for endogenous (3-1,3-glucanase and AP24 PR proteins are the vacuole
and/or the apoplast'®'6?*. Despite these proteins have been discovered more than 30 years ago, the molecular
mechanism responsible for their antifungal activity is not well understood. In the case of 3-1,3-glucanases, it has
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Figure 7. Field evaluation of transgenic tobacco plants for resistance against Phytophthora nicotianae and
Peronospora hyoscyami f. sp. tabacina. Quantification of stem disease rating (A) and P. nicotianae biomass (B)
in transgenic tobacco plants planted in a soil with a high inoculum of P. nicotianae at 10 days after planting.
Quantification of healthy plants (C) and P. hyoscyami f. sp. tabacina biomass (D) in transgenic tobacco plants
planted in an area with high incidence of P. hyoscyami f. sp. tabacina at 35 days after planting. Pathogen
biomass measured by quantitative real time PCR is shown as relative expression. Bars represent mean values
(N'=90; £ SD). Different letters within the columns indicate significant differences (p < 0.0001).

been proposed they exert their role in defense by two ways: they could act directly disrupting pathogen mem-
brane/cell wall integrity®* or indirectly by releasing elicitors (like 3-glucan) that in turn can trigger immunity
in plants to activate plant defense responses”**4, For osmotin, different modes of action has been suggested®®:
disrupting fungal plasma membrane, interfering with signal transduction pathways in target pathogen cells, and
releasing DAMPs in a similar way as 3-1,3-glucanases. It has also been shown that osmotin triggers accumulation
of the osmolyte Proline®, which in turn has been related to ROS balance and defense responses. The different
mechanisms mentioned above could explain the resistant phenotype observed for transplastomic utrAP24-Gluc
plants in this work for R. solani (necrotroph) and P. nicotianae (hemibiotroph), since both PR proteins could
potentially reach their targets once the plant cell integrity is compromised due to cell death and the plastid con-
tent is released. It has also been described that filamentous pathogens can secrete inhibitors affecting PR protein
function during plant-pathogen interaction. For instance, Phytophthora sojae secretes a glucanase inhibitor pro-
teins that can inhibit a soybean (3-1,3-glucanase belonging to the PR-2 class®”%%. Taking these observations into
account, we cannot rule out that expression of PR-coding transgenes from the plastid genome confers resistance
by allowing the host to store a pool of PR proteins that cannot be targeted by pathogen inhibitor molecules at
specific time points during infection.

Of particular interest is the observation that expression of PR coding transgenes from the chloroplast genome
can confer resistance to an obligate biotrophic pathogen, like P. hyoscyami f.sp tabacina. Although further exper-
iments are required to determine the underlying mechanism responsible for this resistant phenotype, based
on current knowledge we can propose some hypothetical ways for plastid material to get into contact with a
biotrophic/hemibiotrophic pathogen. In the case of biotrophic and hemibiotrophic pathogens, cell integrity is
maintained and very specialized structures called haustoria are formed at the interface of the interaction to allow
pathogen nutrition®. It has been observed that during biotic stress, emergence of stromules (narrow tubular
structures with stromal content) from plastids is enhanced’®’. It has been suggested that stromules could put
in proximity plastid content with haustoria’?, and might facilitate transmission of proteins and ROS from the
main plastid body to other intracellular locations’”’. Moreover, several types of vesicles containing plastid material
can arise from stromules and/or the main plastid body under physiological conditions’”*. Additionally, recent
studies highlight the role of unconventional protein secretion (UPS) pathways in plant defense mechanisms (for
areview see’*). Preliminary results indicate that certain vesicles containing plastid material can localize around
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Primer name | sequences (5’ to 3’) Primer use
AP24-F CTCATATGGCCACTATCGAGGTCC
Vector construction
AP24-R GGTCTAGATTAACCATTAGGAC
Gluc-F GGATCACCCAAAGTTGATATTATATTTGG
Vector construction
Gluc-R GCTCAATCGATAGGTGTTTGC
T7UTR-F GGAGACCACAACGGTTTCC
Vector construction
T7UTR-R GTTATCGATTGCATATGTATATCTCC
Fwl GTATCTGGGGAATAAGCATCGG
PCR analysis
Rvl CGATGACGCCAACTACCTCTG
Fw2 CATACTTGAAGCTAGACAGG
PCR analysis
Rv2 CTCTACCACTGAGCTAATAGCC
qPCRI1-F CTTCTCACCGAGGCTCCACT PCR
qPCR1-R TGGAACCGTATGCGTCACTC E
qPCR2-F TTCACATCCAGGGTGGTCAG PCR
qPCR2-R CACGGACCGAGTCCATTGTA 4
qPCR3-F GCTGCTGGCATCTTTTTGCT PCR
qPCR3-R TTCATCGATGTGCGAGCCTA 4
qPCR4-F CACGGACCAAGGAGTCTGACAT PCR
qPCR4-R TCCCACCAATCAGCTTCCTTAC 4

Table 1. Primers used in this study.

haustoria, where they might fuse to the plasma membrane and release their content into the extrahaustorial
matrix (Tolga Bozkurt, personal communication). Further research is required to understand the molecular basis
for the resistant phenotype observed in this work.

In this paper we have shown that transformation of the plastid genome with PR protein-coding genes confers
a strong resistance phenotype against fungi and oomycete in transgenic plants both in greenhouse infection
assays and under field inoculum pressure, without any noticeable effect on the phenotype. The fungi and oomy-
cetes evaluated in this work include some of the most relevant plant pathogens responsible for enormous eco-
nomic losses on crop species. Our experiments show that co-expression of AP24 and 3-1,3-glucanase PR proteins
by way of plastid genome transformation is a viable strategy to deploy disease resistance in crops.

Methods

Transformation vectors. utrAP24-Gluc construct was designed to express mature AP24 (UniProtKB -
P14170) and 3-1,3-glucanase (UniProtKB - P15797) proteins through plastid genome transformation in tobacco,
as previously described?’. Briefly, AP24 and 3-1,3-glucanase sequence were amplified by PCR with Pfu DNA
Polymerase (Invitrogen, Carlsbad, CA, USA). As templates we use DNA from plasmids pHAP12 and pHGL21,
respectively (kindly given by Dr. Lazaro Hernandez, CIGB Havana, Cuba). Oligonucleotides to amplify AP24
and (3-1,3-glucanase coding sequences were designed to include Ndel and Xbal restriction sites for further clon-
ing steps: AP24-F and AP24-R, and Gluc-F and Gluc-R (Table 1) respectively. Both AP24 and (3-1,3-glucanase
sequences were amplified without the amino-terminal signal peptide and the carboxyl-terminal peptide that are
cleaved off during post-translational processing and during transport to the plant vacuole. The 5’ untranslated
region from T7 phage gene 10 was amplified using primers T7UTR-F and T7UTR-R (Table 1). Amplification
products were cloned into pZeRO-2 (Invitrogen). Gel purified AP24 Ndel/Xbal fragment was sub-cloned
into the chloroplast transformation vector pBSW-utrGus, previously digested with Ndel/Xbal to replace uidA
sequence?’. pZeRO2-T7UTR was digested with Spel and Xhol and cloned into pCR1.2 generated pCR1.2-
T7UTR. Glucanase-coding sequence was obtained using restriction enzymes BamHI and Clal, gel purified and
cloned into pCR1.2-T7UTR, previously digested with Clal and BglII. T7UTR/Glucanase was then released by
enzymatic digestion with Spel, gel purified and cloned into the chloroplast transformation vector pPBSW-utrAP24,
which was previously digested with Xbal. The final vector was designated utrAP24-Gluc (Fig. 1A), and the iden-
tity of the assembled elements was confirmed by sequencing.

Tobacco plastid transformation. Plastid transformation was carried out as previously described***”7>
using the PDS 1000/He biolistic particle delivery system (Bio-Rad Laboratories, Hercules, CA, USA). Briefly,
fully expanded leaves of in vitro cultured N. tabacum L. cv. Petit Havana plants were bombarded with 50 mg
of 0.6-um gold particles (Bio-Rad) coated with 10 ug of plasmid DNA using 1,100 psi rupture discs (Bio-Rad).
Spectinomycin-resistant lines were selected on RMOP regeneration medium’® containing 500 mg L' spectinomy-
cin di-hydrochloride. Three independent transplastomic lines were selected and subjected to subsequent regener-
ation rounds on selective medium to obtain homoplasmic lines. Plants were acclimated to greenhouse conditions
under the following parameters: natural light was supplemented 16 h per day by sodium lamps; the temperature
was set at 26 °C during day and 19 °C in the night.

PCR analysis to confirm transplastomic nature and construct integrity. Integration of trans-
genes in the plastid genome was confirmed by PCR amplification using as template total leaf DNA obtained
from regenerated shoots and wild-type plants, as previously described*”’®. To analyze the transplastomic nature
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of regenerated shoots we used primers Fwl and Rv1 (Table 1, Fig. 1); a 1450 bp fragment is only amplified when
transgenes are integrated in the plastid genome at the desired region (Fig. 1). Another PCR reaction was per-
formed in order to evaluate the construct integrity, using primers Fw2 and Rv2, which anneal within the inte-
grated cassette (Table 1). In this case, a 2440 bp fragment was only amplified from transplastomic plants with
intact transgenes. PCR reactions were conducted as previously described*””¢, with a differential annealing tem-
perature of 50 °C for Fw2 + Rv2 PCR reaction.

Southern blot analysis. Southern blot was performed as previously described?”. Briefly, 3 ug of total leaf
DNA digested with Ncol (New England Biolabs, Beverly, MA, USA) were electrophoresed in 0.8% agarose gel,
and blotted onto HybondN+ Nylon membrane (Amersham Biosciences, Uppsala, Sweden). The membrane
was hybridized with a 3?P-labeled trnl/A DNA probe, generated by random priming with a Prime-a-Gene kit
(Promega, Madison, WI, USA). Pre-hybridization and hybridization were carried out following published proto-
cols*””7. The blot was analyzed after exposure to a storage phosphor screen, using a Storm 840 PhosphorImager
system (Amersham Biosciences).

Northern blot analysis. Total leaf RNA extracted using TRiZOL Reagent (Invitrogen) was analyzed by
northern blot as previously described®**’. Briefly, 5 ug of denatured RNA prepared in formaldehyde containing
buffer were separated by electrophoresis in a 1.5% agarose/formaldehyde gel. After blotting onto HybondN+
Nylon membranes (Amersham Biosciences), RNAs of interest were identified using *?P-labeled DNA probes
(AP24 or glucanase) synthetized by random priming with a Prime-a-Gene kit (Promega). Pre-hybridization,
hybridization and washing were performed as described in*’.

Protein extraction and analysis. Total protein extracts were obtained by processing 25 mg of leaf tissue
in 125 pL of Laemmli’® sample buffer. For SDS-PAGE, 20 pL of each extract were electrophoresed in 15% gels
and transferred onto nitrocellulose membrane for later antibody detection. 3-1,3-glucanase protein was detected
using a PR-2 specific rabbit polyclonal antibody (Agrisera, Vinnis, Sweden) as previously described”. AP24
protein was detected using a specific rabbit antiserum for AP24 (kindly provided by Dr. Ldzaro Hernandez from
CIGB, Havana, Cuba), as previously described®. In both cases, the secondary antibody used was a 1:3000 dilu-
tion of a goat anti-rabbit antibody conjugated to calf intestinal alkaline phosphatase (Cell Signaling Technology,
Danvers, MA, USA). To detect phosphatase activity, 5-bromo-4 chloro-3 indolyl phosphate and nitroblue tetra-
zolium (Sigma, St. Louis, MO, USA) were used as substrates.

Inoculation with Rhizoctonia solani. Resistance to R. solani was evaluated as previously described®’. An
aggressive isolate of R. solani (anastomosis group n. 3) was used for inoculations. Agar-mycelium plugs from
5 days cultures grown on potato dextrose agar (22-25 °C) were used to colonize rice grains for approximately
2 weeks at room temperature. Two-week-old tobacco seedlings (90 seedlings for each transplastomic line or
wild-type plants) were inoculated with approximately six R. solani colonized rice grains placed onto the soil
surface®!. At 3 weeks post-inoculation (wpi), disease symptoms were evaluated visually and pathogen growth on
inoculated plants was measured by quantitative real-time reverse transcription PCR* using primers qPCR1-F
and qPCR1-R to amplify R. solani beta actin sequence (Table 1). Amplification products were sequenced to con-
firm their identity (Accession: KC285905.1). Disease incidence (percentage of plants exhibiting symptoms) was
evaluated after 3 wpi*’. Data was analysed as described in®. To improve homogeneity of variance, all percent
incidence data were subjected to an arcsine transformation before statistical analysis; data was then analyzed
by one-way analysis of variance using GraphPad Prism Software Inc. (La Jolla, CA, USA). Significant difference
among mean values was determined by Tukey’s Multiple Comparison Test at P < 0.0001.

Resistance to Phytophthora nicotianae. Resistance to P. nicotianae was evaluated as previously
described®. To determine the performance of tobacco plants under field conditions, trials were conducted in
experimental fields with a high incidence of P. nicotianae located at the Center of Biotechnology and Genetic
Engineering, Havana, Cuba. Transplastomic lines and control plants were evaluated by planting ninety
two-week-old plants of each line following a random design. At ten days post-planting, development of stem
lesions was visually evaluated using the linear scale of 1-10 (being 1 no disease and 10 plant death) as previously
described®®. At the same time point, growth of P. nicotianae on tobacco plants was estimated by quantitative
real-time PCR using the primers qQPCR2-F and qPCR2-R (Table 1). Amplification products were sequenced to
confirm their identity (P. nicotianae sequence, Accession: DQ059571.1). Data was analyzed by one-way analysis
of variance using GraphPad Prism Software Inc. (La Jolla, CA, USA)™. Significant difference among mean values
was determined by Tukey’s Multiple Comparison Test at P < 0.0001.

Resistance to Peronospora hyoscyamif. sp. tabacina. Resistance to P. hyoscyami . sp. tabacina was
evaluated as previously described®. To determine the performance of tobacco plants under field conditions, trials
were conducted in experimental fields located at the Center of Biotechnology and Genetic Engineering, Havana,
Cuba, where P. hyoscyami £. sp. tabacina is a significant problem for tobacco production each year. During cold
and wet season, transplastomic lines and control plants were evaluated by planting ninety 8-week-old plants of
each line in the field following a random design; five replicates were made. At 35 days post-planting, plants were
visually evaluated to determine the percentage of healthy plants (plants showing up to three blue molds spots per
leaf)*. Additionally, growth of P. hyoscyami . sp. tabacina was analysed by quantitative real-time PCR*, using
primers qPCR3-F and qPCR3-R to amplify the constitutively expressed 18S ribosomal RNA gene (Table 1). PCR
products were sequenced to confirm their identity (P. hyoscyami f. sp. tabacina, Accession: DQ067899.1). Data
was analysed as described in®. To improve homogeneity of variance, all percent data were subjected to an arcsine
transformation before statistical analysis; data was then analysed by one-way analysis of variance using GraphPad
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Prism Software Inc. (La Jolla, CA, USA). Significant difference among mean values was determined by Tukey’s
Multiple Comparison Test at P < 0.0001.

RNA extraction and quantification of fungal and oomycete biomass. Plant samples (500 mg of
tissue pooled from leaves, stems and roots) collected from 10 plants for each control and transplastomic line
were immediately placed in liquid nitrogen and processed for RNA extraction and cDNA synthesis as previously
described®. For real time PCR, the QuantiTect SYBR Green PCR Kit (Qiagen, Maryland, USA) was used for
relative quantification and reactions were performed in a Rotor - Gene 3000 PCR machine (Corbett, Australia)
following reported reaction setup®. For fungal and oomycete biomass determination primer sequences (Table 1)
were designed based on Primer 3 online software (http://bioinfo.ut.ee/primer3/). Each cDNA sample was evalu-
ated by real time PCR in triplicates. The extent of colonization was determined as described in*, by the relative
quantification of transcript levels of the constitutively expressed pathogen genes to the constitutively expressed
tobacco 26S rRNA gene (primers qPCR4-F and qPCR4-R, Table 1). Bars indicate mean values and standard
errors of three samples taken from ten plants for each point analyzed. The relative levels of genes were expressed
as ‘Mean Normalized Expression” using Q-Gene software (http://www.gene-quantification.de/qgene.zip)%. Data
was analysed as previously described®?, by two-way ANOVA analysis of variance using GraphPad Prism Software
Inc. (La Jolla, CA, USA). Significant difference among mean values was determined by Bonferroni multiple com-
parisons Test at P < 0.0001.

Data Availability
All data generated or analysed during this study are included in this published article.

References
1. Oerke, E. C. Crop losses to pests. The Journal of Agricultural Science 144, 31-43 (2005).
2. Strange, R. N. & Scott, P. R. Plant disease: a threat to global food security. Annu Rev Phytopathol 43, 83-116 (2005).
3. Savary, S., Ficke, A., Aubertot, J.-N. & Hollier, C. Crop losses due to diseases and their implications for global food production losses
and food security. Food Security 4,519-537 (2012).
4. Goodwin, S. B., Sujkowski, L. S. & Fry, W. E. Widespread Distribution and Probable Origin of Resistance to Metalaxyl in Clonal
Genotypes of Phytophthora infestans in the United States and Western Canada. Phytopathology 86, 793-800 (1996).
5. Day, J. P. & Shattock, R. C. Aggressiveness and other factors relating to displacement of populations of Phytophthora infestans in
England and Wales. European Journal of Plant Pathology 103, 379-391 (1997).
6. Dixon, G. R. Climate change - impact on crop growth and food production, and plant pathogens. Canadian Journal of Plant
Pathology 34, 362-379 (2012).
7. Jones, J. D. & Dangl, J. L. The plant immune system. Nature 444, 323-329 (2006).
8. Takken, F. L. & Goverse, A. How to build a pathogen detector: structural basis of NB-LRR function. Curr Opin Plant Biol 15,
375-384 (2012).
9. Win, J. et al. Effector biology of plant-associated organisms: concepts and perspectives. Cold Spring Harbor symposia on quantitative
biology 77, 235-247 (2012).
10. van Loon, L. C., Rep, M. & Pieterse, C. M. J. Significance of Inducible Defense-related Proteins in Infected Plants. Annual Review of
Phytopathology 44, 135-162 (2006).
11. Coll, N. S, Epple, P. & Dangl, J. L. Programmed cell death in the plant immune system. Cell Death and Differentiation 18, 1247-1256
(2011).
12. Glazebrook, J. Contrasting mechanisms of defense against biotrophic and necrotrophic pathogens. Annu Rev Phytopathol 43,
205-227 (2005).
13. Shigenaga, A. M., Berens, M. L., Tsuda, K. & Argueso, C. T. Towards engineering of hormonal crosstalk in plant immunity. Curr
Opin Plant Biol 38, 164-172 (2017).
14. Dong, X. NPR1, all things considered. Current Opinion in Plant Biology 7, 547-552 (2004).
15. Liu, L. et al. Salicylic acid receptors activate jasmonic acid signalling through a non-canonical pathway to promote effector-triggered
immunity. Nature Communications 7, 13099 (2016).
16. Linthorst, H. J. M. & Van Loon, L. C. Pathogenesis-related proteins of plants. Critical Reviews in Plant Sciences 10, 123-150 (1991).
17. Edreva, A. Pathogenesis-related proteins: research progress in the last 15 years. Gen Appl Plant Physiol 31, 105-24 (2005).
18. Moscou, M. J. & van Esse, H. P. The quest for durable resistance. Science 358, 1541 (2017).
19. Mundt, C. C. Durable resistance: a key to sustainable management of pathogens and pests. Infection, genetics and evolution. Journal
of Molecular Epidemiology and Evolutionary Genetics in Infectious Diseases 27, 446-455 (2014).
20. Wiesner-Hanks, T. & Nelson, R. Multiple Disease Resistance in Plants. Annual Review of Phytopathology 54, 229-252 (2016).
21. Rodriguez-Moreno, L., Song, Y. & Thomma, B. P. Transfer and engineering of immune receptors to improve recognition capacities
in crops. Curr Opin Plant Biol 38, 42-49 (2017).
22. Vleeshouwers, V. G. A. A. & Oliver, R. P. Effectors as Tools in Disease Resistance Breeding Against Biotrophic, Hemibiotrophic, and
Necrotrophic Plant Pathogens. Molecular Plant-Microbe Interactions 27, 196-206 (2014).
23. Zhang, M. & Coaker, G. Harnessing Effector-Triggered Immunity for Durable Disease Resistance. Phytopathology 107, 912-919
(2017).
24. Jach, G. et al. Enhanced quantitative resistance against fungal disease by combinatorial expression of different barley antifungal
proteins in transgenic tobacco. The Plant Journal 8, 97-109 (1995).
25. Punja, Z. K. Genetic engineering of plants to enhance resistance to fungal pathogens: a review of progress and future prospects.
Canadian Journal of Plant Pathology 23, 216-235 (2001).
26. Veronese, P. et al. In defense against pathogens. Both plant sentinels and foot soldiers need to know the enemy. Plant Physiology 131,
1580-1590 (2003).
27. Christou, P. & Twyman, R. M. The potential of genetically enhanced plants to address food insecurity. Nutrition Research Reviews
17, 23-42 (2004).
28. Nandi, A. K. Application of Antimicrobial Proteins and Peptides in Developing Disease-Resistant Plants. In Plant Pathogen
Resistance. Biotechnology 3, 51-70 (2016).
29. Moosa, A., Farzand, A., Sahi, S. T. & Khan, S. A. Transgenic expression of antifungal pathogenesis-related proteins against
phytopathogenic fungi — 15 years of success. Israel Journal of Plant Sciences, 1-17 (2017).
30. Broglie, R. & Broglie, K. The production and uses of genetically transformed plants - Chitinase gene expression in transgenic plants:
a molecular approach to understanding plant defence responses. Philosophical Transactions of the Royal Society of London. Series
B: Biological Sciences 342 265 (1993).
31. Mittler, R. & Rizhsky, L. Transgene-induced lesion mimic. Plant Molecular Biology 44, 335-344 (2000).

SCIENTIFIC REPORTS |

(2019) 9:2791 | https://doi.org/10.1038/s41598-019-39568-6 11


https://doi.org/10.1038/s41598-019-39568-6
http://bioinfo.ut.ee/primer3/
http://www.gene-quantification.de/qgene.zip

www.nature.com/scientificreports/

32.

33.
34.
35.
36.

37.
38.

39.
40.
41.
42.
43.
44,

45.
46.

47.

48.
49.
50.
. Silva, H., Yoshioka, K., Dooner, H. K. & Klessig, D. F. Characterization of a New Arabidopsis Mutant Exhibiting Enhanced Disease
52.
53.
54.
55.
56.
57.
58.
59.
60.
61.
62.
63.
64.

65.
66.

67.
68.

69.

Anand, A, Schmelz, E. A. & Muthukrishnan, S. Development of a lesion-mimic phenotype in a transgenic wheat line overexpressing
genes for pathogenesis-related (PR) proteins is dependent on salicylic acid concentration. Molecular Plant-Microbe Interactions:
MPMI 16, 916-925 (2003).

Nishizawa, Y. et al. Characterization of transgenic rice plants over-expressing the stress-inducible beta-glucanase gene Gns1. Plant
Molecular Biology 51, 143-152 (2003).

Collinge, D. B., Jorgensen, H. J., Lund, O. S. & Lyngkjaer, M. E Engineering pathogen resistance in crop plants: current trends and
future prospects. Annu Rev Phytopathol 48, 269-291 (2010).

Oey, M., Lohse, M., Kreikemeyer, B. & Bock, R. Exhaustion of the chloroplast protein synthesis capacity by massive expression of a
highly stable protein antibiotic. The Plant Journal 57, 436-445 (2009).

Lentz, E. M. et al. High expression level of a foot and mouth disease virus epitope in tobacco transplastomic plants. Planta 231,
387-395 (2010).

Daniell, H. & Varma, S. Chloroplast-transgenic plants: panacea-no! Gene containment-yes! Nature Biotechnology 16, 602 (1998).
Bock, R. Engineering plastid genomes: methods, tools, and applications in basic research and biotechnology. Annual Review of Plant
Biology 66, 211-241 (2015).

Wani, S. H., Sah, S. K., Sagi, L. & Solymosi, K. Transplastomic plants for innovations in agriculture. A review. Agronomy for
Sustainable Development 35, 1391-1430 (2015).

Zhang, ], Khan, S. A., Heckel, D. G. & Bock, R. Next-Generation Insect-Resistant Plants: RNAi-Mediated Crop Protection. Trends
in Biotechnology 35, 871-882 (2017).

DeGray, G., Rajasekaran, K., Smith, F, Sanford, J. & Daniell, H. Expression of an antimicrobial peptide via the chloroplast genome
to control phytopathogenic bacteria and fungi. Plant Physiology 127, 852-862 (2001).

Wang, Y. P. et al. Chloroplast-expressed MSI-99 in tobacco improves disease resistance and displays inhibitory effect against rice
blast fungus. International Journal of Molecular Sciences 16, 4628-4641 (2015).

Ruhlman, T. A., Rajasekaran, K. & Cary, . W. Expression of chloroperoxidase from Pseudomonas pyrrocinia in tobacco plastids for
fungal resistance. Plant Science 228, 98-106 (2014).

Haas, B. J. et al. Genome sequence and analysis of the Irish potato famine pathogen Phytophthora infestans. Nature 461, 393-398
(2009).

Feau, N. et al. Genome sequences of six Phytophthora species threatening forest ecosystems. Genomics. Data 10, 85-88 (2016).
Rivero, M. et al. Stacking of antimicrobial genes in potato transgenic plants confers increased resistance to bacterial and fungal
pathogens. Journal of Biotechnology 157, 334-343 (2012).

Segretin, M. E., Lentz, E. M., Wirth, S. A., Morgenfeld, M. M. & Bravo-Almonacid, F. F. Transformation of Solanum tuberosum
plastids allows high expression levels of beta-glucuronidase both in leaves and microtubers developed in vitro. Planta 235, 807-818
(2012).

Kuroda, H. & Maliga, P. Complementarity of the 16S rRNA penultimate stem with sequences downstream of the AUG destabilizes
the plastid mRNAs. Nucleic Acids Research 29, 970-975 (2001).

Borras-Hidalgo, O., Caprari, C., Hernandez-Estevez, 1., De Lorenzo, G. & Cervone, F. A gene for plant protection: expression of a
bean polygalacturonase inhibitor in tobacco confers a strong resistance against Rhizoctonia solani and two oomycetes. Front. Plant
Sci. 3,268 (2012).

Shew, H. D. & Lucas, G. B. Compendium of tobacco diseases. (APS Press, The American Phytopathological Society, 1991).

Resistance. Molecular Plant-Microbe Interactions 12, 1053-1063 (1999).

Datta, K. et al. Over-expression of the cloned rice thaumatin-like protein (PR-5) gene in transgenic rice plants enhances
environmental friendly resistance to Rhizoctonia solani causing sheath blight disease. Theoretical and Applied Genetics 98, 1138-1145
(1999).

Xue, X. et al. Overexpression of OsOSM1 Enhances Resistance to Rice Sheath Blight. Plant Disease 100, 1634-1642 (2016).
Veronese, P. et al. Pathogenesis-related proteins for the control of fungal diseases of tomato. In Genetics and Breeding for Crop
Quality and Resistance. Developments in Plant Breeding 8, 15-24 (1999).

Chen, W. & Punja, Z. Transgenic herbicide- and disease-tolerant carrot (Daucus carota L.) plants obtained through Agrobacterium-
mediated transformation. Plant Cell Reports 20, 929-935 (2002).

Das, M., Chauhan, H., Chhibbar, A., Rizwanul Haq, Q. M. & Khurana, P. High-efficiency transformation and selective tolerance
against biotic and abiotic stress in mulberry, Morus indica cv. K2, by constitutive and inducible expression of tobacco osmotin.
Transgenic Research 20, 231-246 (2011).

Dong, S. et al. Resistance of transgenic tall fescue to two major fungal diseases. Plant Science 173, 501-509 (2007).

Borkowska, M. et al. Transgenic potato plants expressing soybean beta-1,3-endoglucanase gene exhibit an increased resistance to
Phytophthora infestans. Z Naturforsch C. 53,1012-1016 (1998).

Wrobel-Kwiatkowskaa, M. et al. Expression of 3-1,3-glucanase in flax causes increased resistance to fungi. Physiological and
Molecular Plant Pathology 65, 245-256 (2004).

Sundaresha, S. et al. Enhanced protection against two major fungal pathogens of groundnut, Cercospora arachidicola and Aspergillus
flavus in transgenic groundnut over-expressing a tobacco 3 1-3 glucanase. Eur ] Plant Pathol 126, 497-508 (2010).

Zhu, Q., Maher, E. A., Masoud, S., Dixon, R. A. & Lamb, C. J. Enhanced Protection Against Fungal Attack by Constitutive
Co-expression of Chitinase and Glucanase Genes in Transgenic Tobacco. Bio/Technology 12, 807-812 (1994).

Balasubramanian, V. et al. Plant 3-1,3-glucanases: their biological functions and transgenic expression against phytopathogenic
fungi. Biotechnology Letters 34,1983-1990 (2012).

Wawra, S. et al. The fungal-specific 3-glucan-binding lectin FGB1 alters cell-wall composition and suppresses glucan-triggered
immunity in plants. Nature Communications 7, 13188 (2016).

Leubner-Metzger, G. & Meins, E. Jr. Functions and regulation of plant §3-1,3-glucanases (PR-2). In: Datta, S. K. & Muthukrishnan, S.
(eds) Pathogenesis-related proteins in plants. p. 49-76 (CRC Press LLC, Boca Raton, Florida, (1999).

Anil Kumar, S. et al. Osmotin: a plant sentinel and a possible agonist of mammalian adiponectin. Front Plant Sci. 6, 163 (2015).
Fabro, G. et al. Proline accumulation and AtP5CS2 gene activation are induced by plant-pathogen incompatible interactions in
Arabidopsis. Mol Plant Microbe Interact. 17, 343-50 (2004).

Tian, M. et al. A Phytophthora infestans Cystatin-Like Protein Targets a Novel Tomato Papain-Like Apoplastic Protease. Plant
Physiology 143, 364-377 (2007).

Rose, J. K. C., Ham, K.-S., Darvill, A. G. & Albersheim, P. Molecular Cloning and Characterization of Glucanase Inhibitor Proteins.
The Plant Cell 14, 1329-1345 (2002).

Szabo, L. J. & Bushnell, W. R. Hidden robbers: The role of fungal haustoria in parasitism of plants. Proceedings of the National
Academy of Sciences 98, 7654-7655 (2001).

. Hanson, M. R. & Hines, K. M. Stromules: Probing Formation and Function. Plant physiology. 176, 128-137 (2018).

. Caplan, J. L. et al. Chloroplast Stromules Function during Innate Immunity. Developmental Cell. 34, 45-57 (2015).

. Bobik, K. & Burch-Smith, T. M. Chloroplast signaling within, between and beyond cells. Front Plant Sci. 6, 781 (2015).

. Schippers, J. H. M., Schmidt, R., Wagstaff, C. & Jing, H.-C. Living to Die and Dying to Live: The Survival Strategy behind Leaf

Senescence. Plant Physiology 169, 914-930 (2015).

SCIENTIFICREPORTS| (2019) 9:2791 | https://doi.org/10.1038/s41598-019-39568-6 12


https://doi.org/10.1038/s41598-019-39568-6

www.nature.com/scientificreports/

74. Wang, X., Chung, K. P,, Lin, W. & Jiang, L. Protein secretion in plants: conventional and unconventional pathways and new
techniques. ] Exp Bot. 69, 21-37 (2017).

75. Svab, Z., Hajdukiewicz, P. & Maliga, P. Stable transformation of plastids in higher plants. Proc Natl Acad Sci USA 87, 8526-8530
(1990).

76. Alfano, E. F. et al. Expression of the Multimeric and Highly Immunogenic Brucella spp. Lumazine Synthase Fused to Bovine
Rotavirus VP8d as a Scaffold for Antigen Production in Tobacco Chloroplasts. Frontiers in Plant Science 6, 1170 (2015).

77. Church, G. M. & Gilbert, W. Genomic sequencing. Proceedings of the National Academy of Sciences of the United States of America
81, 1991-1995 (1984).

78. Laemmli, U. K. Cleavage of structural proteins during the assembly of the head of bacteriophage T4. Nature 227, 680-5 (1970).

79. Wang, K. D. et al. Elicitation of hypersensitive responses in Nicotiana glutinosa by the suppressor of RNA silencing protein PO from
poleroviruses. Mol Plant Pathol. 16, 435-48 (2015).

80. Vellicce, G. R. et al. Enhanced resistance to Botrytis cinerea mediated by the transgenic expression of the chitinase gene ch5B in
strawberry. Transgenic Res. 15, 57-68 (2006).

81. Elliott, P. E., Lewis, R. S., Shew, H. D., Gutierrez, W. A. & Nicholson, J. S. Evaluation of Tobacco Germplasm for Seedling Resistance
to Stem Rot and Target Spot Caused by Thanatephorus cucumeris. Plant Disease 92, 425-430 (2008).

82. Portieles, R. et al. NmEXT Extensin Gene: a Positive Regulator of Resistance Response Against the Oomycete Phytophthora
nicotianae. Plant Molecular Biology Reporter 36 (2018).

83. Csinos, A. S. Stem and Root Resistance to Tobacco Black Shank. Plant Disease 83, 777-780 (1999).

84. Canales, E. et al. ‘Candidatus Liberibacter asiaticus, Causal Agent of Citrus Huanglongbing, Is Reduced by Treatment with
Brassinosteroids. Plos One. 11 (2016).

85. Muller, P. Y., Janovjak, H., Miserez, A. R. & Dobbie, Z. Processing of gene expression data generated by quantitative real-time RT-
PCR. BioTechniques 32, 1372-1380 (2002).

Acknowledgements

This work was funded by Agencia Nacional de Promocién Cientifica y Tecnoldgica (ANPCyT, Argentina), and
Centro de Ingenieria Genética y Biotecnologia (CIGB, Cuba). We are grateful to Prof. Rita Ulloa (INGEBI-
CONICET) and Mauricio Contreras, M.Sc. (INGEBI-CONICET) for carefully reading the manuscript. We are
grateful to Prof. Georgina Fabro (CIQUIBIC-CONICET) for useful suggestions. We thank Osvaldo Oliva (CIGB,
Cuba) for field and greenhouse assistance. N.A.B. and E.G.M. are fellows of Consejo Nacional de Investigaciones
Cientificas y Técnicas (CONICET, Argentina). M.E.S. and EEB.A. are research scientists of CONICET.

Author Contributions

M.E.S., EEB.A. and O.B.H. conceived of the study, participated in its design and coordination and drafed the
manuscript. N.A.B., M.E.S., LH., EG.M., O.C. and Y.L. performed the experiments; N.A.B., M.E.S., EG.M,,
O.B.H. and EEB.A. analyzed the data; N.A.B., M.E.S., O.B.H. and EEB.A. wrote the manuscript. All of the authors
read and approved of the final version of the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-39568-6.

Competing Interests: The authors declare no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

¥ License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019, corrected publication 2021

SCIENTIFICREPORTS| (2019) 9:2791 | https://doi.org/10.1038/s41598-019-39568-6 13


https://doi.org/10.1038/s41598-019-39568-6
https://doi.org/10.1038/s41598-019-39568-6
http://creativecommons.org/licenses/by/4.0/

	Expression of pathogenesis-related proteins in transplastomic tobacco plants confers resistance to filamentous pathogens un ...
	Results

	Production of transplastomic N. tabacum expressing AP24 and β-1,3-glucanase. 
	Molecular and phenotypic characterization of transplastomic plants. 
	Enhanced disease resistance of transplastomic tobacco plants to R. solani under greenhouse conditions. 
	Enhanced disease resistance of transplastomic tobacco plants to P. nicotianae and P. hyoscyami f. sp. tabacina infection un ...

	Discussion

	Methods

	Transformation vectors. 
	Tobacco plastid transformation. 
	PCR analysis to confirm transplastomic nature and construct integrity. 
	Southern blot analysis. 
	Northern blot analysis. 
	Protein extraction and analysis. 
	Inoculation with Rhizoctonia solani. 
	Resistance to Phytophthora nicotianae. 
	Resistance to Peronospora hyoscyami f. sp. tabacina. 
	RNA extraction and quantification of fungal and oomycete biomass. 

	Acknowledgements

	Figure 1 Design of the plastid transformation vector putrAP24-Gluc.
	Figure 2 Analysis of transgene integration and homoplasmic state.
	Figure 3 Characterization of transcripts containing the glucanase and AP24 sequence of transplastomic plants.
	Figure 4 Expression of AP24 and β-1,3-glucanase in transplastomic plants.
	Figure 5 Phenotypes of transplastomic tobacco plants.
	Figure 6 Greenhouse evaluation of transgenic tobacco plants for resistance against Rhizoctonia solani.
	Figure 7 Field evaluation of transgenic tobacco plants for resistance against Phytophthora nicotianae and Peronospora hyoscyami f.
	﻿Table 1 Primers used in this study.


