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Abstract  21 

Hypericum perforatum L is a remarkable source of high-value secondary metabolites with increasing22 

applications in pharmaceutical industry. However, improvement in the production of secondary 23 

metabolites through genetic engineering is a demanding task, as H. perforatum is not amenable to 24 

Agrobacterium tumefaciens-mediated transformation. In this study, we identified a Polygalacturonase-25 

inhibiting protein (PGIP) gene from a subtractive cDNA library of A. tumefaciens-treated H. perforatum26 

suspension cells. The role of HpPGIP in defense against A. tumefaciens was analyzed in transgenic27 

Nicotiana tabacum overexpressing HpPGIP alone or fused at the N-terminus to Phenolic oxidative 28 

coupling protein (Hyp-1), a gene that positively modulates resistance to A. tumefaciens. Furthermore, 29 

virus-induced gene silencing was employed to knock down the expression of the PGIP homologous in N. 30 

benthamiana. Results showed that Agrobacterium-mediated expression efficiency greatly decreased in 31 

both HpPGIP and Hyp-1-PGIP transgenic plants, as assessed by GUS staining assays. However, silencing 32 

of PGIP in N. benthamiana increased the resistance to A. tumefaciens rather than susceptibility, which 33 

correlated with induction of pathogenesis-related proteins (PRs). The expression of core genes involved in 34 

several defense pathways was also analyzed in transgenic tobacco plants. Overexpression of HpPGIP led 35 

to up-regulation of key genes involved in hormone signaling, microRNA-based gene silencing, 36 

homeostasis of reactive oxygen species, and the phenylpropanoid pathway. Overexpression of Hyp-1-37 

PGIP seemed to enhance the effect of PGIP on the expression of most genes analyzed. Moreover, 38 

HpPGIP was detected in the cytoplasm, nucleus and the plasma membrane or cell wall by confocal 39 

microscopy. Overall, our findings suggest HpPGIP modulates recalcitrance to A. tumefaciens-mediated 40 

transformation in H. perforatum.  41 
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(MS); nanometers (nm);  oligogalacturonides (OGs); pathogenesis-related proteins (PRs); phenolic 53 

oxidative coupling protein (Hyp-1); phenylalanine ammonia-lyase (PAL); phytoene desaturase (PDS); 54 

polygalacturonase (PG); polygalacturonase-inhibiting protein (PGIP); post-inoculation (dpi); reactive 55 

oxygen species (ROS); real-time quantitative RT-PCR (RT-qPCR); salicylic acid (SA); suppression 56 

subtractive hybridization (SSH); tobacco rattle virus (TRV); transport inhibitor response 1 (TIR1); virus-57 

induced gene silencing (VIGS); wild type (WT); xyloglucan endotransglycosylases (XETs).   58 
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1. Introduction  60 

Hypericum perforatum L., commonly known as St. John’s wort, is a perennial herb from the 61 

Hypericaceae (Guttiferae) family with interesting pharmacological properties. A wide range of 62 

biologically active secondary metabolites, including hypericin, hyperforin, xanthones, essential oils, 63 

phenolic acids and a broad array of flavonoids has been detected in H. perforatum (Kwiecień et al., 2018; 64 

Ebadollahi et al., 2019; Vigneshwari et al., 2019). H. perforatum  has been attracted the interest of 65 

scientists due to its anti-depressant, neuroprotective, anti-inflammatory, anti-viral, anti-cancer, and anti-66 

bacterial pharmacological properties (Shrivastava and Dwivedi, 2015; Oliveira et al., 2016; Ebadollahi et 67 

al., 2019; Vigneshwari et al., 2019).  68 

Agrobacterium tumefaciens is a gram-negative, soil-borne bacterium that causes crown gall disease in a 69 

wide range of plant species by integrating a transfer DNA into the host genomic DNA (Pitzschke, 2013; 70 

Gohlke and Deeken, 2014). A. tumefaciens-mediated transformation could be useful for metabolic 71 

engineering and functional genomic studies in H. perforatum. However, H. perforatum recalcitrance to A. 72 

tumefaciens-mediated transformation is a major concern (Hou et al., 2016). In a previous study, A. 73 

tumefaciens rapidly evoked plant defense responses by triggering an intense oxidative burst when co-74 

cultivated with H. perforatum cell suspensions, followed by the death of bacterial cells (Franklin et al., 75 

2008). The molecular mechanism behind it is still unknown but could be related to a number of defense 76 

responses that include alterations in 1) phytohormone metabolism (Pitzschke, 2013), 2) pathogenesis-77 

related proteins (PRs) (Anand et al., 2007; Pruss et al., 2008), 3) microRNA-mediated gene silencing 78 

(Dunoyer et al., 2006), 4) lignin deposition (Miedes et al., 2014), 5) secondary metabolites (Franklin et al., 79 

2009), and 6) reactive oxygen species (ROS) (Franklin et al., 2008).80 

The cell wall represents a first barrier of defense for plant cells against pathogenic microorganisms. 81 

Polygalacturonase (PG) is the first cell wall-degrading enzyme secreted during infection by fungi such as 82 

Botrytis cinerea (Sicilia, 2005), Bipolaris sorokiniana (Janni et al., 2008), Sclerotinia sclerotiorum (Bashi 83 

et al., 2013), Verticillium dahliae and Fusarium oxysporum f. sp. vasinfectum (Liu et al., 2017), and 84 

bacteria such as A. tumefaciens (Rodriguez-Palenzuela et al., 1991) and Pectobacterium carotovorum85 

subsp. carotovorum (Hwang et al., 2010). Polygalacturonase-inhibiting protein (PGIP) constitutes a group 86 

of plant defense proteins that are widespread in the plant kingdom ( Meshram and Srivastava, 2013). 87 

PGIP belongs to the leucine-rich repeat (LRR) superfamily that specifically recognizes and inhibits PGs. 88 

The PG-PGIP interaction limits the destructive potential of PGs in plant cell walls and leads to the 89 

accumulation of oligogalacturonides (OGs), which have been reported to act as elicitors of immunity 90 

when exogenously applied to grapevine leaves and Arabidopsis seedlings (Aziz et al., 2004; Denoux et al., 91 

2008). OGs activate a wide range of defense responses, including the accumulation of phytoalexins and 92 

lignin, the expression of defense-related genes, and the production of ROS (Meshram and Srivastava, 93 



5 

2013). More recently,  evidence showed that OGs trigger plant innate immunity by functioning as 94 

damage-associated molecular patterns (DAMPs) (Benedetti et al., 2015). Moreover, the importance of 95 

PGIP in plant defense has been studied using genetically modified plants. For instance, overexpression of 96 

a bean PGIP gene, PvPGIP2, enhanced the resistance to the fungus B. sorokiniana in transgenic wheat 97 

plants (Janni et al., 2008). Overexpression of a Chinese cabbage PGIP gene, BrPGIP2, in tobacco and 98 

Chinese cabbage, conferred increased resistance to bacterial soft rot caused by P. carotovorum ssp. 99 

carotovorum in transgenic plants (Hwang et al., 2010). Overexpression of pepper PGIP gene, CaPGIP1, 100 

in tobacco increased resistance to the fungal pathogens Alternaria alternate and Colletotrichum 101 

nicotianae (Wang et al., 2013). Moreover, the expression of NtPGIP was up-regulated in tobacco plants 102 

under biotic and abiotic stresses, including infection by Phytophthora nicotianae and salicylic acid (SA), 103 

abscisic acid (ABA), salt, and cold treatments (Zhang et al., 2016). The recombinant NtPGIP could 104 

successfully inhibit the PG activity of P. capsici. Furthermore, a similar pattern has been reported in 105 

cotton, where purified GhPGIP1 inhibited growth of V. dahliae and F. oxysporum f. sp. vasinfectum, the 106 

causal agents of cotton wilt (Liu et al., 2017). The transcript level of GhPGIP1 was up-regulated in 107 

response to wounding, treatment with methyl jasmonate (MeJA), SA or H2O2, and inoculation with V. 108 

dahliae and F. oxysporum f. sp. vasinfectum.  GhPGIP1 overexpressing transgenic Arabidopsis conferred 109 

resistance to fungal pathogens, accompanied by enhanced expression of PRs, isochorismate synthase 1, 110 

enhanced disease susceptibility 1 and phytoalexindeficient 4 genes. In addition, GhPGIP1 knock down 111 

cotton plants were highly susceptible to pathogen infections ( Liu et al., 2017).  112 

In a recent study, Phenolic oxidative coupling protein gene (Hyp-1) was selected as a highly expressed 113 

cDNA from a forward subtractive cDNA library from A. tumefaciens-treated H. perforatum suspension 114 

cells (Hou et al., 2020). Hyp-1 belongs to the PR class 10 family, a group of proteins that have 115 

antimicrobial activities (Bais et al., 2003; Colditz et al., 2005). Transgenic overexpression of Hyp-1 in 116 

tobacco plants altered the expression of defense-related genes and positively modulated resistance to 117 

Agrobacterium (Hou et al., 2020). In the present study, another highly expressed cDNA, HpPGIP, was 118 

selected from the subtractive cDNA library for further study. Its biological function in defense against A.119 

tumefaciens was analyzed in transgenic Nicotiana tabacum plants overexpressing either PGIP or PGIP120 

fused to Hyp-1 (Hyp-1-PGIP), and in N. benthamiana plants silenced for the PGIP homologous gene. 121 

Moreover, the expression of core genes regulating several defense pathways was analyzed in both PGIP 122 

and Hyp-1-PGIP overexpressing lines. In addition, HpPGIP subcellular localization was determined.  It 123 

was detected in the cytoplasm, nucleus and plasma membrane or cell wall of epidermal cells by confocal 124 

microscopy. Overall, our findings suggest that HpPGIP from H. perforatum  modulates its recalcitrance 125 

to A. tumefaciens-mediated transformation as part of defense mechanisms against pathogenic infection. 126 

127 
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2. Materials and methods  128 

2.1 Plant material and plant growth condition 129 

Seeds of N. tabacum were surface-sterilized by immersion in 1.5% (v/v) bleach for 7 min, washed by 130 

sterile distilled water for four times, laid onto 1% agar containing 1/2 Murashige and Skoog (MS) 131 

medium. All steps were done in sterile flow chamber and seeds were grown in a tissue culture room at 132 

25 °C with a 16-h light/8-h dark photoperiod and ~14,800 lux of white fluorescent light. N. tabacum and133 

N. benthamiana plants were grown in a growth chamber at 25 °C with a 16-h light/8-h dark photoperiod 134 

and ~15,000 lux of purple like light. Brassica oleracea var. oleracea seeds were germinated and grown in 135 

the plant growth chamber at 18 °C with a 16-h light/8-h dark photoperiod and ~15,000 lux of purple like 136 

light.  137 

2.2 Suppression subtractive hybridization (SSH) cDNA library construction 138 

H. perforatum (Richters seeds, ON, Canada) suspension cells were treated with A. tumefaciens EHA105 139 

(Hellens et al., 2000), as described (Franklin et al., 2008). Briefly, H. perforatum suspension cells were 140 

established as described previously (Dias et al. 2001). The suspension cells were collected in a sterile 141 

beaker with the final concentration of 5,000 cells mL-1 in 80 ml MS medium with 100 µM acetosyringone 142 

(AS), after 5 days of subculture. Then, the flakes of H. perforatum suspension cells were inoculated with 143 

an A. tumefaciens culture to an optical density at 600 nm (OD600) of 1.0. Flasks containing only H. 144 

perforatum cells served as control. The forward subtractive cDNA library was performed using the PCR 145 

Select cDNA Subtraction kit (Clontech) according to the manufacturer’s instructions. RNAs isolated from 146 

H. perforatum suspension culture treated with A. tumefaciens served as tester, while RNAs derived from 147 

control cultures served as driver, as described previously (Singh et al. 2016). Briefly, 2 µg Poly A + RNA 148 

from tester and driver were used to prepare cDNA pools. The restriction enzyme Rsa I was added into 149 

both cDNAs to obtain shorter, blunt-ended molecules, followed by phenol/chloroform extraction, ethanol 150 

precipitation and finally resuspension in RNase-free water. Tester cDNAs were divided into two pools 151 

equally, and ligated with two different adaptors, respectively, which were supplied in the kit. After two 152 

hybridizations, the purified subtracted cDNAs were cloned into pGEM-T easy cloning vector (Promega, 153 

Madison, WI, USA). Individual colonies were selected by blue-white screen and screened by PCR for 154 

size of inserts. The fragments above 150 bp were subjected for single-pass sequencing. Vector 155 

contamination was removed using the Vecscreen bioinformatics tool (http:// www.ncbi. 156 

nlm.nih.gov/tools/vecscreen). The sequence similarity of obtained ESTs was analyzed by BLASTN and 157 

BLASTX and compared in different databases. 158 

2.3 Sequence manipulation and phylogenetic analysis 159 
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A phylogenetic tree showing the close relationship of HpPGIP with others known plant PGIPs was 160 

constructed by using MEGA6. HpPGIP protein was translated by online tool ExPASy translate 161 

(https://web.expasy.org/cgi-bin/translate/dna2aa.cgi) and the molecular mass and pI were predicted by 162 

online tool Compute pI/Mw (https://web.expasy.org/compute_pi/). HpPGIP structural analysis was 163 

processed by SMART (http://smart.embl-heidelberg.de/). The signal peptide of HpPGIP was predicted by 164 

SignalP (http://www.cbs.dtu.dk/services/SignalP/). The presence of a nuclear localization signal (NLS) in 165 

HpPGIP was evaluated by PredictProtein (http://www.predictprotein.org/). 166 

2.4 Plasmid constructs 167 

For gene overexpression studies, a 945-nucleotide fragment of PGIP was amplified by reverse 168 

transcriptase-PCR from the total RNAs of H. perforatum suspension culture elicited with A. tumefaciens. 169 

The sequenced PGIP cDNA was cloned downstream of the 35S promoter in the plasmid pBI121 by 170 

digestion with Sma I/Sac I to provide pBI121-PGIP. The primers containing the additional restriction 171 

enzymes flanking the gene were: Sma I-PGIP-F and PGIP-Sac I-R. For constructing pBI121-GFP-PGIP, 172 

the PGIP fragment was amplified by RT-PCR from total RNA of A. tumefaciens treated H. perforatum173 

suspension culture cells using the primers Spe I-PGIP-F and PGIP-Sac I-R. After digestion by Spe I/Sac I, 174 

the sequenced PGIP fragment was inserted into pBI121-GFP (Hou et al., 2020) which was digested by the 175 

same pair of the restriction enzymes. To construct pBI121-Hyp-1-PGIP, the forward primer Sac I-PGIP-F 176 

was used. Primers Sac I-PGIP-F together with PGIP-Sac I-R already described above were used to 177 

amplify fragment Sac I-PGIP-Sac I by RT-PCR from total RNA of A. tumefaciens treated H. perforatum178 

suspension culture cells. Then, pBI121-Hyp-1 (Hou et al., 2020) was employed as the destination vector 179 

to insert the Sac I-digested PGIP fragment just behind Hyp-1 to achieve fusion construct pBI121-Hyp-1-180 

PGIP. All the primer sequences are given in Table S1. The commercial plasmid pCAMBIA2300 was used 181 

to transiently express in planta a free GFP reporter gene. pAVA393 (von Arnim et al., 1998) carrying the 182 

mGFP5 gene driven by the Cauliflower mosaic virus dual 35S promoter and terminator signals was 183 

digested with Sal I/Xma I. The cDNA fragment was cloned into pCAMBIA2300 to generate 184 

pCAMBIA2300-GFP. All the purified recombinant plasmids were transformed into A. tumefaciens strain 185 

EHA105 by the freeze–thaw method (Jyothishwaran et al., 2007).186 

2.5 Agrobacterium-mediated transformation  187 

Transgenic N. tabacum plants were generated by the leaf disc transformation method as described 188 

previously (Hou et al., 2020). All the transgenic T1 plants were confirmed by PCR amplification of PGIP189 

or/and GFP genes. Progenies derived from self-fertilized T1 plants were germinated in MS medium 190 

containing 75 mg/L Kanamycin. Transgenic N. tabacum plants expressing GFP has been described 191 
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previously (Hou et al., 2020). 192 

2.6 DNA gel blot analysis 193 

Genomic DNA was extracted using a modified version of the protocol by Keb-Llanes et al. (2002). Ten 194 

micrograms of genomic DNA was digested overnight with EcoRI (New England Biolabs, USA) separated 195 

on a 1% agarose gel at 60 V overnight and transferred alkali blotted onto positively charged nylon 196 

membrane (Roche, Germany). The membrane was hybridized overnight at 65 ºC with a α‐32P‐labelled 197 

DNA probe complementary to the PGIP sequence in PerfectHyb Plus hybridization buffer (Sigma-198 

Aldrich, USA) following the manufacturer specifications. 199 

2.7 Plant total RNA isolation and quantitative real-time RT-PCR 200 

Total RNA from young leaves corresponding to four-week-old of control, PGIP and Hyp-1-PGIP 201 

transgenic N. tabacum plants was extracted for quantitative reverse transcriptase real-time PCR (RT-202 

qPCR) by the CTAB method (Gasic et al., 2004). The RNeasy Mini Kit (Qiagen, Germany) was used to 203 

clean up RNA including the DNase treatment according to the manufacturer’s instructions. The total 204 

RNAs were quantified by NanoDrop 1000 Spectrophotometer (NanoDrop Technologies, Inc., USA) at 205 

A260/A280 and structural integrity was checked by 1.0% agarose-gel electrophoresis. 1µg DNase treated 206 

RNA was used to perform cDNA synthesis by Maxima First Strand cDNA Synthesis Kit for RT-qPCR 207 

with dsDNase (Thermo Scientific, USA) according to the manufacturer’s instructions.  208 

Gene expression was monitored by RT-qPCR in 96-well plates with 5x HOT FIREPol® EvaGreen® 209 

qPCR Mix Plus (ROX) (Solis Biodyne, Estonia) as described previously (Hou et al., 2020). RT-qPCR 210 

primers were designed to specifically anneal with each of the N. tabacum genes by using the online 211 

quantitative PCR primers design software QuantPrime (Arvidsson et al., 2008).  Gene expression was 212 

normalized to Elongation factor 1α (EF-1α) and L25 ribosomal protein (L25) (Schmidt and Delaney, 213 

2010). The efficiency of primers was determined by using 4-fold serial dilutions of 1µl 10x diluted cDNA 214 

template with at least 3 dilution points. The CFX Manager Software (Bio-Rad Laboratories, Inc., USA) 215 

was used to analyze the data. The relative quantification of PCR products was calculated by the 2-ΔΔCT 216 

method. For microRNA detection, the method based on adding poly (A)-tailing to validate the expression 217 

of artificial microRNAs was employed (Shi et al., 2012) described as previously (Hou et al., 2020). Gene 218 

expression was normalized to the N. tabacum 5.8S rRNA as forward primer and Poly (T) adaptor reverse 219 

primer (Shi et al., 2010). Data were analyzed as described above. To detect the relative accumulation of 220 

PR proteins genes in N. benthamiana, the expression of NbPR-1, NbPR-5 and NbPR-10 was detected by 221 

one-step RT-qPCR reactions as described previously (Hou et al., 2020). To confirm the absence of DNA 222 

template in the samples, RT-qPCR with and without reverse transcriptase was run in parallel, and Nb18S 223 
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rRNA was used to normalize the gene expression. The efficiency of each pair of primers was determined 224 

by using a 5-fold serial dilution of 100 ng/µl RNA with at least 5 dilution points. The Rotor-Gene 6000 225 

software was used to confirm the synthesis of cDNA products by melting curves. All primers were given 226 

in Table S1. 227 

2.8 GUS staining assays 228 

Four-week-old T2 transgenic tobacco plants derived from each of two independent T1 lines were used in 229 

GUS staining assays. As controls, GFP transgenic and wild-type plants were used. Leaf disks, 230 

corresponding to the third leaf from top, were collected from five different plants of each sample using 231 

sterile core borer. Then the disks were sterilized with 70% ethanol for 30 s, 6% NaClO for 90 s, followed 232 

by washing with sterilized water. The aseptic leaf disks were kept on MSIB medium (MS medium 233 

containing IAA 0.5 mg/L; BA 2.5 mg/L) in the plant culture room for 2 days. The leaf disk 234 

transformation method was used for introducing Agrobacterium strain EHA105 harboring 235 

pCAMBIA2301 into plant tissues. pCAMBIA2301 carries a intron-GUS gene (pCAMBIA2301-GUS). 236 

Briefly, leaf disks were co-incubated with A. tumefaciens carrying pCAMBIA2301-GUS at OD600 of 0.5-237 

0.8 for 8 min with vacuum. Then the explants were kept on the same medium in the dark. After 5–6 days, 238 

leaf disks were incubated in the GUS staining solution [0.5 mg/µL X-Gluc (5-bromo-4-chloro-3indolyl β-239 

d-glucuronide cyclohexylammonium salt), 20 mM sodium phosphate buffer (pH 7.0), 10 mM EDTA (pH 240 

8.0), 5 mM  K4FeCN6 and 5 mM  K3FeCN6] at 37 °C overnight. Next day, the samples were washed with 241 

70% ethanol and the GUS activity was viewed and photographed. All the experiments were done in 242 

triplicate. 243 

2.9 Subcellular localization  244 

For PGIP subcellular localization assays, A. tumefaciens EHA105 cultures harboring the plasmid GFP-245 

PGIP together with either the mCherry-labeled-plasma membrane marker PM-RK (Nelson et al., 2007) or 246 

mRFP were co-infiltrated into the leaves of 4-week-old N. tabacum plants at a 1:1 ratio with an OD600 of 247 

0.5. Fluorescence from GFP, mCherry and mRFP were captured with a Leica TCS SP2 confocal 248 

microscope.  Excitation and emission settings in nanometers (nm) were 488 and 500-to-530 respectively 249 

for GFP; 561 and 575-to-640 respectively for mCherry and mRFP. Images were processed with ImageJ 250 

(Schindelin et al., 2012) and Adobe Photoshop software (Adobe Systems). 251 

2.10 Virus-induced gene silencing  252 

For VIGS, Tobacco rattle virus (TRV) vectors pTRV1 and pTRV2:00 were obtained from ABRC 253 

(http://www.arabidopsis.org). pTRV2: BoPDS2 carrying a fragment of the B. oleracea var. oleracea254 
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phytoene desaturase (PDS) gene (Zheng et al., 2010) was used as a marker to evaluate VIGS efficiency 255 

(kindly provided by Prof. Marcel Dicke from Wageningen University). A group of HpPGIP homologous 256 

genes were selected from the NCBI Gene database to build up an evolutionary tree by MEGA 6 (Tamura 257 

et al., 2013). The PGIP gene from B. oleracea var. oleracea (polygalacturonase inhibitor 1-like (PGIP), 258 

GenBank: XM_013751645.1) was selected to construct pTRV2: BoPGIP.  Total RNAs from young 259 

leaves of B. oleracea were isolated by the NucleoSpin RNA Plant kit (Macherey- Nagel, Germany), and 260 

followed by DNase treatment with TURBO DNA-free kit (Ambion, USA). A 507 bp fragment from the 261 

3´ terminus of BoPGIP was reverse transcribed by Superscript II reverse transcriptase (200 units) 262 

(Invitrogen, USA) and amplified by High-fidelity Taq DNA Polymerase (Roche, Germany) with primers 263 

Bo-PGIP-1-F/R. The PCR products were first cloned in pGEM-T easy vector (Promega, Madison, WI, 264 

USA) for sequencing. The correct clone was digested by EcoR I and inserted into pTRV2-MCS, which 265 

was digested by the same restriction enzyme, followed by dephosphorization with alkaline phosphatase 266 

(Roche, Germany) according to the manufacturer’s instructions. All the recombinant plasmids for VIGS 267 

assays were transformed into A. tumefaciens strain GV3101 (Hellens et al., 2000) by electroporation, as 268 

described (Weigel et al., 2006). A. tumefaciens cells containing recombinant TRV vectors were grown 269 

overnight and resuspended in buffer containing10 mM MgCl2, 10 mM MES and 0.15 mM AS, and the 270 

OD600 was adjusted to 0.2. Agrobacterium strains containing pTRV2: BoPGIP, pTRV2:BoPDS2 and 271 

pTRV2:00 were mixed with pTRV1 in a 1:1 ratio and left at room temperature for 3-4 hours before 272 

inoculation. Four-week-old N. benthamiana plants were used for agroinfiltration as described (Hou et al., 273 

2011). Silencing of PGIP mRNA was detected from upper, non-inoculated leaf tissue at 15 days post-274 

inoculation (dpi) by semiquantitative RT-PCR, as described (Liu et al., 2002). Primers NbPGIP-F/R that 275 

anneal outside the region targeted for silencing were used to ensure that the endogenous gene was tested. 276 

The Actin gene transcripts were used as the internal control, using primers NbActin-F/R. PCR cycles 277 

included denaturation at 98 °C for 30 s, annealing at 60 °C for 20 s, and elongation at 72 °C for 30 s. 278 

Aliquots were removed from the thermocycler after 30, 33, and 36 cycles for mRNA detection. All the 279 

primers were given in Table S1. 280 

 A. tumefaciens carrying pCAMBIA2300 containing a free GFP reporter gene was used to challenge 281 

silenced and control N. benthamiana plants at 15 dpi. Briefly, A. tumefaciens carrying pCAMBIA2300-282 

GFP were grown overnight and resuspended in the buffer as described above, and adjusted the OD600 to 283 

0.1 and 0.01. After 3-4 hours the bacterial inoculum was injected into the leaves of N. benthamiana plants 284 

with a 2-mL syringe. 285 

2.11 Protein gel blot analysis 286 



11 

Total protein was isolated, resolved and transferred to membranes by SDS-PAGE and protein gel blot 287 

analysis as described (Hou et al., 2020). Membranes were blotted with rabbit anti-GFP, N-terminal 288 

antibody (Sigma-Aldrich, St Louis, MO, USA). Blotted proteins were detected by secondary antibody 289 

Goat Anti-Rabbit IgG (whole molecule)-Alkaline Phosphatase (Sigma-Aldrich, USA) and SIGMA 290 

FAST™ BCIP/NBT (5-Bromo-4-chloro-3-indolyl phosphate/Nitro blue tetrazolium) Tablets (Sigma-291 

Aldrich, USA). 292 

2.12 Statistical analysis 293 

The transcript levels of target genes involved in different defense pathways were compared by the One-294 

way ANOVA and the relative accumulation of PR genes in N. benthamiana were analyzed by Student ´s 295 

t-test using GraphPad Prism 6 (GraphPad Software, Inc., USA).  296 

3. Results  297 

3.1 Cloning and characterization of HpPGIP 298 

To identify genes from H. perforatum involved in defense responses against A. tumefaciens, a SSH-based 299 

cDNA library was performed. RNAs isolated from H. perforatum suspension cells challenged with A. 300 

tumefaciens as tester and RNAs from control cultures as driver were used to construct the forward 301 

subtracted cDNA library from which a highly expressed cDNA clone was selected as described 302 

previously (Hou et al., 2020, Table S2). 303 

The nucleotide sequence of the cDNA clone (GenBank Accession No. MK290240) contains an open 304 

reading frame of 945 bp, which encodes a protein of 314 amino acids with a molecular mass of 34.54KDa 305 

and pI of 8.04 (Fig. S1 A). The predicted protein showed a high degree of similarity with previously 306 

reported PGIPs in the NCBI Gene database, and was therefore called HpPGIP. The phylogenetic tree 307 

analysis showed the close relationship of HpPGIP with others known plant PGIPs (Fig. S2). Structural 308 

analysis revealed that HpPGIP contains four LRR motifs (LRR CC:100-125aa, LRR BAC: 149-169aa, 309 

LRR TYP: 149-173aa and LRR SD22: 200-218aa, respectively) (Fig. S1 B). The presence of the signal 310 

peptide Sec/SPI in HpPGIP was predicted by SignalP 5.0 server (Fig. S1 C). However, there was no 311 

evidence of a NLS in HpPGIP using the protein localizations predictor PredictProtein.  312 

3.2 Overexpression of HpPGIP in N. tabacum 313 

To characterize HpPGIP function in defense responses against Agrobacterium, we established transgenic 314 

N. tabacum plants expressing HpPGIP alone or fused at the N-terminus to GFP or Hyp-1 under the 315 

control of 35S promotor in the binary expression vector pBI121 (Fig. S3). In total, we generated 13, 10 316 

and 8 T1 transgenic lines expressing PGIP, GFP-PGIP and Hyp-1-PGIP, respectively. Three transgenic 317 
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tobacco plant lines per construct, PGIP-1/-12/-13, GFP-PGIP-3/-7/-8 and Hyp-1-PGIP-1/-5/-8, were 318 

randomly selected based on antibiotic resistance, and stable transgene integration was confirmed by PCR. 319 

Copy number of the transgene was determined by DNA gel blot analysis using a probe for the PGIP gene 320 

on T2 progenies derived from each of two T1 lines, PGIP-1/-13, GFP-PGIP-3/-7 and Hyp-1-PGIP-1/-5. In 321 

addition, segregation of the kanamycin-resistance trait indicated that the transgenic lines contained one or 322 

two transgene loci (Table S3).323 

In order to determine whether overexpression of HpPGIP alone or fused to Hyp-1 influenced the 324 

efficiency of Agrobacterium-mediated gene expression in tobacco leaves, we inoculated T2 progenies 325 

derived from each of two T1 lines, PGIP-1/-13 (Fig. 1 D, E), GFP-PGIP-3/-7 (Fig. 1 F, G) and Hyp-1-326 

PGIP-1/-5 (Fig. 1 H, I), with the strain EHA105 harboring a binary plasmid to express GUS.  As control, 327 

besides wild type (WT), transgenic tobacco plants expressing GFP were also used. Whereas WT and GFP 328 

transgenic control plants showed intense GUS staining as an indication of Agrobacterium-mediated 329 

transient transformation (Fig. 1 B, C), GUS staining was absent in transgenic lines expressing either PGIP, 330 

GFP-PGIP or Hyp-1-PGIP fusion gene (Fig. 1 D-I), or in WT plants inoculated with A. tumefaciens331 

containing an empty vector (Fig. 1 A). Our results suggest that transient expression efficiency by A. 332 

tumefaciens greatly decreased in tobacco plants overexpressing HpPGIP alone, or fused to Hyp-1, 333 

suggesting the involvement of HpPGIP in resistance to Agrobacterium-mediated transformation 334 

efficiency. 335 

3.3 Subcellular localization assays336 

To examine the subcellular localization of HpPGIP, Agrobacterium cells carrying binary vectors that 337 

encode in their T-DNAs either the mRFP or the mCherry-labeled-plasma membrane marker PM-RK338 

genes were mixed with Agrobacterium cells carrying a GFP-PGIP fusion gene, and infiltrated in leaves 339 

of N. tabacum for the transient co-expression of their encoded proteins in mesophyll and epidermal cells 340 

of those leaves. Three days after agroinfiltration, the fluorescence in green and red channels was observed 341 

by confocal fluorescence microscopy to compare their localization. The fluorescence of GFP-PGIP 342 

coincided with that of mRFP in epidermal cells (Fig. 2, lower row), as well as with that of PM-RK, a 343 

marker of the plasma membrane (Fig. 2, upper row). GFP-PGIP was also clearly present in the nucleus of 344 

epidermal cells (Fig. 2 A, 2 E). Therefore, HpPGIP was likely located at the cytoplasm, nucleus and the 345 

plasma membrane or cell wall. 346 

3.4 HpPGIP alters gene expression of multiple defense pathways 347 

To survey plant defense pathways involved in HpPGIP-mediated reduced Agrobacterium-mediated 348 

transformation efficiency, the expression levels of key genes implicated in different microbial defense 349 
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pathways were evaluated in PGIP and Hyp-1-PGIP transgenic tobacco plants by RT-qPCR. T2 PGIP-1 350 

and PGIP-13 (Fig. 3 A) transgenic lines, and Hyp-1-PGIP-1 and Hyp-1-PGIP-5 (Fig. 4 A) transgenic 351 

lines were selected for subsequent experiments since they exhibited higher levels of HpPGIP mRNA. No 352 

positive correlation was found between expression level of PGIP mRNA and copy/insertion number of 353 

the transgene in the different lines. 354 

Phytohormones such as auxin and JA play an important role in plant defense against pathogenic 355 

microorganisms. We focused on the auxin-responsive genes NtaTIR1 (Transport Inhibitor Response 1) 356 

and NtaAFR8 (Auxin Responsive Factor 8), and the JA-biosynthesis gene NtaLOX (Lipoxygenase1). The 357 

transcript levels of NtaTIR1 were not significantly different in transgenic plants compared with control 358 

plants, while NtaARF8 mRNA was significantly increased in HpPGIP overexpressing plants (Fig. 3 B, C). 359 

The transcript level of NtaLOX was increased in the high-overexpress line PGIP-13 (Fig. 3 D).  360 

PR proteins have been described as plant specific proteins induced in response to pathogen infection. To 361 

assess the involvement of PR proteins in HpPGIP-mediated antibacterial defense, the transcripts of 362 

NtaPR-1 and NtaPR-10 were monitored by RT-qPCR.  The results showed that NtaPR-10 was decreased 363 

in both transgenic lines and NtaPR-1 was decreased in PGIP-13 line (Fig. 3 E, F).  364 

The microRNA-mediated gene silencing pathway is involved in plant defense against pathogens.  365 

NtaAGO1, NtamiR160, NtamiR164ab and NtamiR164c were analyzed by RT-qPCR in HpPGIP366 

overexpressing plants (Fig. 3 G-J). There were no significant differences in NtamiR160 expression (Fig. 3 367 

H), whereas NtaAGO1 and Nta164ab were increased in PGIP-13 line, and the expression levels of 368 

NtamiR164c was increased in both transgenic lines.  369 

Production of secondary metabolites via the phenylpropanoid pathway has been developed by plants as an 370 

important defense mechanism to protect themselves from pathogens. The lignin synthesis pathway genes 371 

NtaPAL1 (Phenylalanine ammonia-lyase), NtaPAL4, NtaCCR (Cinnamoyl CoA reductase) and NtaCAD372 

(Cinnamyl alcohol dehydrogenase) were analyzed by RT-qPCR (Fig. 3 K-N). The expression of three 373 

genes NtaPAL1, 4 and NtaCCR, but not NtaCAD, were significantly increased in HpPGIP overexpressing 374 

plants. Flavonoids are polyphenolic compounds and play a major role in defense against pathogens. 375 

Transcript levels of NtaCHS (Chalcone synthase), the first enzyme in the flavonoid biosynthesis pathway, 376 

were increased in HpPGIP transgenic plants when compared to controls (Fig. 3 O).  Lastly, transcripts of 377 

core enzymes involved in ROS homeostasis were also monitored in HpPGIP overexpressing plants by 378 

RT-qPCR. NtaAPX (ascorbate peroxidase) and NtaFe-SOD (Fe-superoxide dismutase) but not NtaCAT379 

(catalase), were highly increased in HpPGIP overexpressing plants (Fig. 3 P-R). 380 
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To reveal possible additive effects of Hyp-1 and HpPGIP in defense responses against A. tumefaciens, the 381 

expression levels of the same genes implicated in defense pathways were evaluated in Hyp-1-PGIP382 

transgenic plants by RT-qPCR. In the auxin signaling pathway, not only NtaARF8 but also NtaTIR1 were 383 

increased significantly in Hyp-1-PGIP overexpression lines (Fig. 4 B, C). The JA-biosynthesis gene 384 

NaLOX was induced at greater levels in Hyp-1-PGIP transgenic plants relative to controls than in 385 

HpPGIP overexpressing lines (Fig. 4 D). Similarly, NtaAGO1 was increased at much higher levels in 386 

Hyp-1-PGIP lines compared to HpPGIP lines (Fig. 4 G). NtamiR164ab was not significantly altered in the 387 

Hyp-1-PGIP transgenic lines, while transcripts of NtamiR160 and NtamiR164c were increased in Hyp-1-388 

PGIP-5 (Fig. 4 H-J). The expression of the four genes involved in the lignin synthesis pathway, including 389 

NtaCAD (Fig. 4 K-N), were induced significantly in Hyp-1-PGIP transgenic lines. NtaCHS (Fig. 4 O) was 390 

differently expressed in Hyp-1-PGIP-1 plants at greater levels than in PGIP transgenic plants (Fig. 3 O). 391 

In addition, NtaCAT was specifically increased in Hyp-1-PGIP lines, as opposed to PGIP lines (Fig. 4 Q). 392 

Thus, overexpression of the fusion protein Hyp-1-PGIP seems to enhance the effect of PGIP on the 393 

expression of most genes implicated in defense responses.394 

3.5 Virus-induced gene silencing of PGIP in N. benthamiana 395 

To investigate the loss-of-function phenotype of PGIP, we used the VIGS technique to knock down the 396 

expression of the HpPGIP homolog in Brassica oleracea. The PGIP homolog in B. oleracea is 397 

polygalacturonase inhibitor 1-like (BoPGIP), as revealed by phylogenetic analysis of HpPGIP-related 398 

genes (Fig S2). However, several attempts to induce VIGS in B. oleracea even with a TRV vector 399 

carrying a fragment of the B. oleracea PDS gene were unsuccessful. To circumvent this limitation, we 400 

performed a heterologous VIGS assay using BoPGIP to silence PGIP in N. benthamiana. Table S4 shows 401 

the alignment of the PGIP orthologs in B. oleracea and N. benthamiana. Blast analysis indicated that the 402 

nucleotide sequence of NbPGIP was moderately similar to that of BoPGIP (62%) with stretches of up to 403 

18 nucleotides of perfect homology. The use of heterologous gene sequences to silence their respective 404 

orthologs in N. benthamiana has been previously reported, concluding that a 21-nucleotide stretch of 100% 405 

identity between the heterologous and endogenous gene sequences is not absolutely required for gene 406 

silencing (Senthil-kumar et al. 2006).407 

Four-week-old N. benthamiana plants were infiltrated with a TRV vector carrying a 507-bp fragment of 408 

BoPGIP (pTRV2: BoPGIP) or the empty TRV vector (pTRV2:00) as a control. Silencing of the PDS gene 409 

by TRV2: BoPDS2, which provides a visual bleached leaf phenotype, was also used to monitor VIGS in 410 

N. benthamiana. At 7 days post-inoculation (dpi), photobleaching occurred in upper leaves of all pTRV2: 411 

PDS2-treated plants, whereas there was no such phenotype in control and pTRV2: BoPGIP-infected 412 

plants. However, silencing of PGIP caused retarded plant growth (Fig. 5 A). Silencing efficiency of PGIP413 
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was examined by semiquantitative RT-PCR in upper leaves equivalent to those showing the bleached 414 

phenotype in pTRV2: PDS2-infected plants. Transcripts of PGIP were reduced substantially in pTRV2: 415 

BoPGIP infected plants compared to control, pTRV2:00-infected plants (Fig. 5 B), indicating that 416 

heterologous VIGS was induced by Brassica PGIP sequences in N. benthamiana. In order to determine 417 

whether knock down of PGIP influences the efficiency of Agrobacterium-mediated gene expression of 418 

transiently transformed GFP reporter,  PGIP-silenced and control N. benthamiana plants were inoculated 419 

at 15 dpi in the upper leaves with an Agrobacterium strain expressing GFP at a concentration of either 420 

OD600 = 0.1 or 0.01. The plants were photographed after 3 days under UV lamp (Fig. 5 C), and GFP 421 

expression was monitored in duplicated samples at 3 and 5 days after challenge with GFP by protein gel 422 

blot. Intriguingly, GFP accumulated at lower levels in PGIP-silenced plants than in controls at both OD600423 

values (Fig. 5 D). Our result indicates that transformation efficiency of A. tumefaciens was decreased in 424 

PGIP-knock down plants compared to controls.  425 

It has been shown that silencing of the Hyp-1 gene in Catharanthus roseus led to induction of PR gene 426 

expression and increased defense to Agrobacterium (Hou et al., 2020). Thus, the relative accumulation of 427 

a set of PR genes, NbPR-1, NbPR-5 and NbPR-10, were monitored in PGIP-silenced and control N. 428 

benthamiana plants by RT-qPCR. Interestingly, a 5- to 10-fold increase in the expression of NbPR-1, 429 

NbPR-5 and NbPR-10 was detected in PGIP-silenced plants compared with control plants (Fig. 5 E). 430 

These findings suggest that the enhanced resistance to A. tumefaciens in PGIP-silenced plants was 431 

associated with the increase expression of endogenous PR genes.432 

4. Discussion 433 

PGIP is a cell wall-binding protein from the LRR superfamily that specifically inhibits PGs produced by 434 

bacterial and fungal pathogens (Meshram and Srivastava, 2013). The expression of PGIP has been 435 

reported to be induced by both biotic and abiotic stimuli, and plays an indispensable role in plant defense. 436 

For instance, overexpression of PGIP genes from bean, Chinese cabbage, pepper and cotton increased the 437 

tolerance to several fungi like B. sorokiniana, A. alternate and C. nicotianae, V. dahliae and F. 438 

oxysporum f. sp. vasinfectum and to the bacterium P. carotovorum ssp. carotovorum (Janni et al., 2008;439 

Hwang et al., 2010; Wang et al.,  2013; Liu et al., 2017). In the present study, the HpPGIP gene was 440 

identified and characterized from a forward substracted cDNA library of H. perforatum suspension cells441 

treated with A. tumefaciens. Overexpression of HpPGIP in N. tabacum led to greatly decreased 442 

expression efficiency of genes in plants mediated by A. tumefaciens as assayed by GUS staining, 443 

suggesting that HpPGIP participates in defense responses against A. tumefaciens. Although it was 444 

reported that PG behaves as a virulence factor in the interaction of A. tumefaciens with grape (Vitis 445 
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vinifera) (Rodriguez-Palenzuela et al., 1991), there was no report so far about the role of PGIP in defense 446 

against A. tumefaciens. 447 

The HpPGIP protein was localized at the cytoplasm, nucleus and the plasma membrane or cell wall, as 448 

judged by the subcellular distribution of fluorescence derived from the transient expression of GFP-449 

HpPGIP in N. tabacum leaves. Subcellular localization studies in rice and Cynanchum komarovii showed 450 

that PGIP is a non-transmembrane protein targeted to the plasma membrane (Wang et al., 2015; Liu et al., 451 

2016). The subcellular localization of HpPGIP at the plasma membrane might play an important role in 452 

defense responses as cell surface receptors that detect pathogens like A. tumefaciens, whose virulence 453 

depends on expression of PG (Rodriguez-Palenzuela et al., 1991). In addition, the cell wall localization of 454 

HpPGIP might also play an important part in defense against A. tumefaciens via inducing the 455 

accumulation of OGs as the results of PGIP-PG interaction. OGs activate a wide range of defense 456 

responses to pathogens (Bellincampi et al., 2014; Kalunke et al., 2015). Our study demonstrates for the 457 

first time the subcellular localization of HpPGIP in nucleus, as had been reported for Hyp-1 from H. 458 

perforatum  and PR-10 proteins from Tamarix hispida and V. vinifera (Zhang et al., 2010; He et al., 2013; 459 

Hou et al., 2020). The nuclear localization of HpPGIP might play a crucial role in defense responses460 

against invading pathogens, like A. tumefaciens, whose virulence depends on integration of T-DNA into 461 

the nucleus.462 

To further corroborate the role of HpPGIP in resistance to Agrobacterium-mediated transformation 463 

efficiency, we used a TRV-based VIGS approach to study the loss-of-function phenotype of the PGIP464 

homologous in N. benthamiana. Contrary to what could be expected, PGIP-silenced plants showed 465 

increased resistance to A. tumefaciens, which correlated with the up-regulation of a set of PR proteins, i.e., 466 

NbPR-1, NbPR-5 and NbPR-10. The possibility of VIGS-induced off-target silencing was analyzed using 467 

the SOL Genomics Network website (https://solgenomics.net/), and no transcripts complementary to the 468 

BoPGIP sequence were found in the draft genome sequence of N. benthamiana. 469 

Plants have evolved sophisticated defense crosstalk in response to the attack of the pathogens. The 470 

increasing evidence suggests that there is significant overlap and several defense genes are commonly 471 

involved in response to pathogens (Mantri et al., 2010; Massa et al. 2013). Knocking-down one defense 472 

gene expression could induce the expression of a series of other defense genes. It was reported that C. 473 

roseus plants silenced for Hyp-1 showed increased resistance to A. tumefaciens (Hou et al., 2020). 474 

Interestingly, Hyp-1 silencing led to the de novo induction of PR-5. Moreover, the antagonistic induction 475 

of PR proteins, which are normally repressed by other defense-related proteins, is not an unprecedented 476 

phenomenon in other plant-microbe interactions. It was reported that Medicago truncatula transgenic 477 

lines silenced for PR-10 showed a reduced colonization of the oomycete Aphanomyces euteiches, and a 478 
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suppressed infection in the roots of transgenic plants (Colditz et al., 2007). Interestingly, MtPr-10 479 

silencing led to the de novo induction of two isoforms of thaumatin-like proteins (PR-5b). A similar 480 

antagonistic crosstalk was observed in our HpPGIP overexpressing tobacco lines, where overexpression 481 

of HpPGIP led to reduced expression of endogenous PR genes, PR-1 and PR-10. In our recent study, 482 

overexpression of Hyp-1 led to reduced expression of endogenous PR genes, PR-1 and PR-10 (Hou et al., 483 

2020). These findings illustrate the complex crosstalk regulating plant-pathogen interactions. 484 

It has been reported that the PG-PGIP interaction leads to the accumulation of OGs, which have been 485 

documented to act as DAMPs (Benedetti et al., 2015). OGs activate a wide range of defense responses, 486 

including the accumulation of phytoalexins and lignin, the expression of defense-related genes, and the 487 

production of ROS (Meshram and Srivastava, 2013). To reveal how HpPGIP evokes defense responses 488 

against A. tumefaciens, key genes involved in several plant defense pathways were assessed by RT-qPCR 489 

in transgenic plants overexpressing HpPGIP. Since it was reported that the exogenous application of 490 

phytohormones increased PGIP expression in plants (Liu et al., 2017), we hypothesized that auxin and JA 491 

signaling might play a role in PGIP-mediated defenses. Overexpression of HpPGIP in transgenic tobacco 492 

plants led to increased expression of NtaLOX, the enzyme that catalyzes the first step of the JA 493 

biosynthesis pathway. JA is a well-studied hormone that mediates plant defense responses to multiple 494 

pathogens, but its involvement in defense against Agrobacterium is controversial (Pitzschke, 2013). 495 

Auxin as a phytohormone is a critical contributor in plant-pathogen interaction (Fu and Wang, 2011). 496 

Auxin responsive factors (ARFs) cause cell wall loosening by inducing the expression of structural 497 

proteins like endo-β-1,4-glucanases (EGases) and xyloglucan endotransglycosylases (XETs). These 498 

activities promote pathogen invasion and disease development. Moreover, auxin signaling is involved in 499 

stomata opening, which allows some pathogens to enter and colonize plant tissues. In the present study, 500 

transcripts of auxin-responsive gene NtaAFR8 were remarkable induced when HpPGIP was 501 

overexpressed, which suggests that HpPGIP overexpression increases antibacterial defenses 502 

independently from the auxin signaling pathway.  503 

On the other hand, overexpression of HpPGIP in transgenic plants led to increased expression of 504 

NtaAGO1 and two microRNAs, NtamiR164ab and NtamiR164c. A recent report suggested that miR164c505 

and target gene NAC4 regulate cell death during plant-pathogen interactions, possibly by repressing 506 

GDSL lipase 1 which is an important regulator of plant immune responses (Lee et al., 2017). The miR164507 

family is also involved in plant response to abiotic stresses in Brassica, rice and potato (Bhardwaj et al., 508 

2014; Fang et al., 2014; Lee et al., 2017;  Zhang et al., 2018). Our results offer preliminary evidence on 509 

the involvement of microRNA-mediated gene silencing in the regulation of plant defense against A. 510 

tumefaciens that needs to be further investigated.  511 
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Several key genes involved in the lignin and flavonoids biosynthesis pathways, NtaPAL1, 4, NtaCCR, 512 

NtaCAD and NtaCHS, were monitored in HpPGIP overexpressing plants. PAL is the first enzyme of 513 

phenylpropanoid pathway, which comprises the synthesis of lignin and flavonoids (Heldt and Piechulla, 514 

2011; Bagal et al., 2012). Lignin, as a critical constituent of cell wall, plays a major role in structural 515 

defense against pathogens. Flavonoids are small molecular secondary metabolites acting as antimicrobial 516 

compounds in defense against pathogens (Mazid et al., 2011; Andersson, 2012; Goyal et al., 2012). Our 517 

findings showed that HpPGIP overexpression in transgenic plants upregulated the expression of genes 518 

involved in the phenylpropanoid pathway (NtaPAL1, 4 NtaCCR and NtaCHS), suggesting that 519 

accumulation of lignin and flavonoids might play a role in HpPGIP–mediated resistance to A. 520 

tumefaciens. Similarly, the increased expression of NtaAPX and NtaFe-SOD in transgenic tobacco plants 521 

suggests that ROS homeostasis might also modulate HpPGIP-mediated defense against A. tumefaciens. 522 

Nevertheless, although HpPGIP overexpression could induce wide changes in the gene expression pattern 523 

of defense genes, not all of these changes are necessarily involved in the molecular mechanisms 524 

underlying HpPGIP-mediated antibacterial defense. Besides, since the interaction between 525 

Agrobacterium and host cells is a temporal process, different genes and pathways could be activated in a 526 

timely-dependent manner. In order to dissect and distinguish between multiple responses a time series of 527 

gene expression analysis in PGIP overexpression plants would be necessary in the future. 528 

In a recent study, it was reported that transgenic overexpression of Hyp-1 from H. perforatum in tobacco 529 

resulted in increased resistance to A. tumefaciens (Hou et al., 2020). To further know if HpPGIP and Hyp-530 

1 act cooperatively to positively modulate resistance to Agrobacterium, the panel of defense genes used 531 

above was assessed by RT-qPCR in transgenic plants overexpressing HpPGIP fused to Hyp-1. In essence, 532 

overexpression of Hyp-1-PGIP led to alterations in gene expression profiles that were in the same 533 

direction and of more amplitude than those shown in HpPGIP transgenic plants. In addition, the 534 

phenylpropanoid and ROS signaling pathways were enhanced in Hyp-1-PGIP compared to HpPGIP 535 

transgenic plants, as expression of NtaCAD and NtaCAT were specifically induced in the former plants. 536 

Thus, HpPGIP and Hyp-1, two inducible genes selected from A. tumefaciens-treated H. perforatum 537 

suspension cells, seem to act cooperatively to alter expression of defense-related genes and modulate 538 

resistance to Agrobacterium. However, a side by side comparison between PGIP, Hyp-1 and Hyp-1-PGIP539 

transgenic plants would offer a much clear picture of the possible synergistic effect of Hyp-1 and PGIP. 540 

In conclusion, we obtained novel insights into the defense response elicited by A. tumefaciens in tobacco 541 

that can mediate the recalcitrance of H. perforatum to genetic transformation. Transformation strategies 542 

aimed at reducing the expression of both HpPGIP and Hyp-1 in H. perforatum could give a better chance 543 

for the genetic manipulation of this recalcitrant and medicinal plant spp. However, antagonistic regulation 544 

of PR proteins and that of other inducible defense-related proteins that result in enhanced resistance to A. 545 
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tumefaciens should also be taken into consideration. The present study provides a better understanding 546 

regarding the functional characterization of PGIP gene from H. perforatum, and adds significant 547 

knowledge about the molecular mechanism of the H. perforatum-A. tumefaciens interaction. 548 
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764 

Figure Captions 765 

Fig. 1. Detection of Agrobacterium-mediated gene expression of transiently transformed GUS reporter in 766 

HpPGIP tobacco T2 lines by GUS staining. (A) Wild type (WT) plant inoculated with A. tumefaciens767 

EHA105 containing the empty vector as negative control. (B) WT plant inoculated with A. tumefaciens768 

containing pCAMBIA 2301-GUS as positive control. (C) GFP transgenic plant inoculated with A. 769 

tumefaciens containing pCAMBIA 2301-GUS as positive control. (D) PGIP-1 and (E) PGIP-13 770 

transgenic plants inoculated with A. tumefaciens containing pCAMBIA 2301-GUS. (F) GFP-PGIP-3 and 771 

(G) GFP-PGIP-7 transgenic plants inoculated with A. tumefaciens containing pCAMBIA 2301-GUS. (H) 772 

Hyp-1-PGIP-1 and (I) Hyp-1-PGIP -5 transgenic plants inoculated with A. tumefaciens containing 773 

pCAMBIA 2301-GUS. Upper right corner, schematic diagram of pCAMBIA 2301-GUS construct made 774 

by software Vector NTI. Bars in each panel represent 10 mm. 775 

Fig. 2. Subcellular localization of GFP-PGIP at the cytoplasm, nucleus and the plasma membrane or cell 776 

wall. Leaves of N. tabacum were co-infiltrated with GFP-PGIP plus either the plasma membrane marker 777 

PM-RK (upper row of panels) or mRFP (lower row of panels). Panels show in monochrome green 778 

fluorescence derived from GFP (panels A and E) or in monochrome red fluorescence derived from 779 

mCherry or mRFP (panels B and F), overlays for colocalization studies (panels C and G), or bright field 780 

images (panels D and H). Every single frame was imaged consecutively for green and red fluorescence. 781 

Green and red simultaneous frames were eventually Z-axis-stacked to create final projections. N, nucleus. 782 

Scale bars in all images are 25µm. 783 

Fig. 3. Quantitative real time RT-PCR to assess core genes involved in different plant defense pathways 784 

in PGIP transgenic tobacco plants. (A) Relative transcript levels of PGIP. (B-C) Relative transcript levels 785 

of TIR1 and ARF8. (D) Relative transcript levels of LOX. (E-F) Relative transcript levels of PR-10 and 786 

PR-1. (G-J) Relative transcript levels of AGO1, MiR160, MiR164ab and MiR164c. (K-N) Relative 787 

transcript levels of PAL1, PAL4, CCD and CAD. (O) Relative transcript levels of CHS. (P-R) Relative 788 
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transcript levels of APX, CAT, and Fe-SOD. Asterisks denote the significance levels compared with 789 

control: *, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.001; and ****, P≤ 0.0001 and ns denotes not significant. 790 

Fig. 4. Quantitative real time RT-PCR to assess core genes involved in different plant defense pathways 791 

in Hyp-1-PGIP transgenic tobacco plants. (A) Relative transcript levels of PGIP in Hyp-1-PGIP 792 

transgenic lines. (B-C) Relative transcript levels of TIR1 and ARF8. (D) Relative transcript levels of LOX. 793 

(E-F) Relative transcript levels of PR10 and PR1. (G-J) Relative transcript levels of AGO1, MiR160, 794 

MiR164ab and MiR164c. (K-N) Relative transcript levels of PAL1, PAL4, CCD and CAD. (O) Relative 795 

transcript levels of CHS. (P-R) Relative transcript levels of APX, CAT, and Fe-SOD. Asterisks denote the 796 

significance levels compared with control: *, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.001; and ****, P≤ 0.0001 797 

and ns denotes not significant. 798 

Fig. 5. TRV-mediated silencing of PGIP in N. benthamiana. (A) Representative N. benthamiana plants at 799 

15 days post-inoculation (dpi) with a 1:1 mixture of pTRV1 plus pTRV2: BoPDS2 (pTRV2: BoPDS2) as 800 

marker (left), pTRV1 plus pTRV2: 00 (pTRV2: 00) as control (middle), and pTRV1 plus pTRV2: 801 

BoPGIP (pTRV2: BoPGIP) (right). (B) Silencing of PGIP transcripts was analyzed in pTRV2: 00 and 802 

pTRV2: BoPGIP infected plants by semiquantitative RT-PCR. PCR products were analyzed at cycles 30, 803 

33 and 36 on a 1.7 % agarose gel.  (C) Visualization of GFP fluorescence under a UV lamp in pTRV2: 00 804 

and pTRV2: BoPGIP infected plants at 3 days after infiltration (dai) with an Agrobaterium strain 805 

expressing GFP at OD600 = 0.1 or 0.01, as indicated. Scales were 10 mm. (D) Protein gel blot analysis of 806 

GFP accumulation in pTRV2: 00 and pTRV2: BoPGIP infected plants at 3 and 5 dai. Lane M in the blots 807 

showed the molecular weight markers in kilodalton (kDa). The panels below the protein gel blot show the 808 

membrane stained with Ponceau-S after blotting as control of loading. (E) Expression analysis of NbPR-1, 809 

NbPR-5 and NbPR-10 in pTRV2: 00 and pTRV2: BoPGIP infected plants at 21 dai by RT-qPCR. Nb18S810 

was used as reference gene. **, P ≤ 0.01; ***, P ≤ 0.001; and ****, P≤ 0.0001 indicated the significant 811 

difference. 812 

Supplementary data 813 

Table S1 Gene-specific primers used for cloning, VIGS and gene expression analysis by quantitative 814 

real-time PCR. 815 

Table S2 Putative functional classification of transcripts identified by BLASTX analysis from two 816 

forward subtractive cDNA libraries from Agrobacterium tumefaciens-treated Hypericum perforatum L. 817 

suspension cells (12hr and 24hr). 818 

Table S3. Segregation analysis of T2 progenies of transgenic lines based on kanamycin resistance. 819 
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Table S4 The alignment of Brassica oleracea var. oleracea polygalacturonase inhibitor 1-like (GenBank: 820 

XM_013751645.1) vs Nicotiana benthamiana polygalacturonase inhibiting protein 1 821 

(Niben101Scf00637g04001.1)822 

Fig. S1. cDNA and amino acid sequence of HpPGIP from H. perforatum L. (A) Nucleotide sequence and 823 

amino acid sequence of HpPGIP. (B) LRR motifs in the amino acid sequence of HpPGIP are shown with 824 

colors and box. LRR_CC, in red, LRR_BAC, in yellow, LRR_TYP, in box with font in bold, and 825 

LRR_SD22, in green. (C) Predicted signal peptide (Sec/SPI) in HpPGIP. 826 

Fig. S2. Phylogenetic analysis of HpPGIP and other homologous genes in plants. The amino acid 827 

sequences were obtained from GenBank. Plant Latin names and GenBank accession numbers were used 828 

to mark the phylogenetic tree. The phylogenetic tree was generated by MEGA 6. HpPGIP was framed in 829 

red box and the PGIP gene homolog from Brassica oleracea was framed in yellow box.  The scale was 830 

shown in units of number of amino acid substitutions per site. 831 

Fig. S3. Generation of HpPGIP overexpressing tobacco T2 plant lines. (A) N. tabacum control plant. (B) 832 

GFP transgenic plant. (C-E) PGIP-1/-12/-13 transgenic plant lines. (F-H) GFP-PGIP-3/-7/-8 transgenic 833 

plant lines. (I-K) Hyp-1-PGIP-1/-5/-8 transgenic plant lines. (L) Schematic diagram of PGIP, GFP-PGIP 834 

and Hyp-1-PGIP constructs, which were made by software Vector NTI. (M) Confirmation of T-DNA 835 

insertion by RT-PCR. (N) Copy number of the transgene determined by DNA gel blot analysis.  836 

837 
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Supplemental Data 

Table S1 Gene-specific primers used for cloning, VIGS and gene expression analysis by quantitative real-
time PCR. 

Gene Primers (5’-3’)
Primers for plasmid constructions
SmaI-PGIP-F Forward: ACTGACCCCGGGATGAGAGCCCATTTCCTC a
PGIP-SacI-R Reverse: ACTCACGAGCTCTTACTTGCAAGCTGGAAG b

SpeI-PGIP-F Forward: GTGCACACTAGTATGAGAGCCCATTTCCTC c

SacI-PGIP-F Forward: GTGCACGAGCTCATGAGAGCCCATTTCCTC b

Primers for RT-qPCR
HpPGIP Forward: CTCAGATTCCTGAGGCTTGACT

Reverse: ATCGACCCAGATAGCTTGTTGT
NtaTIR1 Forward: ACTCTTGGGCCGCTTGATACTG

Reverse: CGCCGCAATTCTTTACAGTTCTCC
NtaARF8 Forward: GCTGCCTGCTCAAACTCAAATGG

Reverse: GCTGATTGCCGACTTGTTGCTG
NtaLOX1 Forward: GCAGACACTGCTTGGCATTTCC

Reverse: TGCCCGAGGTAAAGTGTATCCG
NtaPR-10 Forward: CTTGCCAATTCTACCGTCTATGCC

Reverse: ATTAGCCGAGCTGGACGCAAAC
NtaPR-1 Forward: AGGCGTGGAACCATTAACTTGGG

Reverse: GCAGTCTGCAGCCAATTGAGAAAC
NtaAGO1 Forward: CATTTGGCAGCTTTCCGTGCTC

Reverse: TGCGCTTGTGACTGATCCACTG
NtaPAL1 Forward: ATCACTGCCTCGGGTGATCTTG

Reverse:  GCCTTGGAATTAGGCCTACCAGTG
NtaPAL4 Forward: TGCCATCTAACCTCACCGCATC

Reverse:  AGATGCCATGGCGATTTCAGCTC
NtaCCR Forward: AGAACAAGCAGCATGGGACGAG

Reverse: CACCAACACTGGGTTGATTGCC
NtaCAD Forward: TGTGGTTGATGGGTGTGAAGGC

Reverse: TCTGCCTGTGGATCTTTGACTCC
NtaCHS Forward: CGCTCGAGTCCTTGTTGTTTGTTC

Reverse: AAGTGGGTGTCATTGGGTCCAC
NtaCAT Forward: ATGCAAAATCGTTCCCTGACA

Reverse: TCGAAAAACCAGGCAAAAGTA
NtaAPX Forward: TCAAGGCTGAGCAAGGACATGG

Reverse: TCCTTGATGGGCTCCAAGAGTC
NtaFe-SOD Forward: CCCAGCATTCAACAATGCAGCTC

Reverse: TCCGTTGGGCTTCATGGACTTC
EF-1α Forward: TGAGATGCACCACGAAGCTC

Reverse: CCAACATTGTCACCAGGAAGTG
L25-F Forward: CCCCTCACCACAGAGTCTGC

Reverse: AAGGGTGTTGTTGTCCTCAATCTT



Gene Primers (5’-3’)
NbPR-1 Forward: TTCTCAACAAGACTATTTGGATGCC

Reverse: GAACCGAGTTACGCCAAACCACCTG
NbPR-5 Forward: CCTCCTTGCCCTTGTGACTTAC

Reverse: GCCAAAGTGTTTGGTGGTTTAC
NbPR-10-2 Forward: ACAACATCAGCTTCCCCAAC

Reverse: CGCCTAAAACATCTCCTTCG
NbPR-10-4 Forward: CATCAGCTTCCCCAACTAGG 

Reverse: CCCATCACCCTCAACAATC
Nb18S rRNA Forward: GCCCGTTGCTGCGATGATTC

Reverse: GCTGCCTTCCTTGGATGTGG
PolyT adapter Forward: 

GCGAGCACAGAATTAATACGACTCACTATAGGTTTTTTTTTTTTAGCATGC
Reverse: GCGAGCACAGAATTAATACGAC

NtamiR160 Forward: TGCCTGGCTCCCTGTATGCCA
NtamiR164ab Forward: AGAAGCAGGGCACGTGCA
NtamiR164c Forward: TGGAGAAGCAGGGCACATGCT
Nta5.8S rRNA Forward: ACGTCTGCCTGGGTGTCACA
Primers for VIGS
Bo-PGIP-1 Forward: CGGGAATTCAGCTCTCTCGCTTTGTTACC

Reverse: CGGTCTAGAAAGAATCAAATCTCTGAAG
NbPGIP Forward: TTTCTTTTCCCTCCCCTTCTC

Reverse: GTGAGATTTGTGATATGATGGCG
NbActin Forward: GATGGACAAGTCATCACCATTG

Reverse: CTGAGGACAATGTTTCCGTACA

a: The nucleotides in italic and bold indicate the introduced restrictive cleavage site Sma I  
b: The nucleotides in italic and bold indicate the introduced restrictive cleavage site Sac I  
c: The nucleotides in italic and bold indicated the introduced restrictive cleavage site Spe I  



Supplemental Data 

Table S2 Putative functional classification of transcripts identified by BLASTX analysis from two forward subtractive cDNA libraries from 
Agrobacterium tumefaciens-treated Hypericum perforatum L. suspension cells (12hr and 24hr). 

Clone No Time Hits Accession Description E value Origin 

13, 14 12h PLN02378 PLN02378 Glutathione S-transferase 
DHAR1 (responsive to 
exogenous toxins) 

6.43e-90 Corchorus capsularis

91 12h PLN02906 PLN02906 Xanthine dehydrogenase 
(disease resistance) 

1.08e-62 Vicia caroliniana

94 12h Bet_v1-like cd07816 Hyp-1 (disease resistance) 1.22e-09 Hypericum maculatum

168 12h PLN02243 PLN02243 S-adenosylmethionine 
synthase/polygalacturonase-
inhibiting protein (Pathogen 
responsive)

2.65e-07

5 24h PLN00009 PLN00009 Cyclin-Dependent protein 
Kinase1-like/ 
polygalacturonase-inhibiting 
protein (Pathogen responsive)

2.12e-88 Beta vulgaris

13 24h xylanase_inhib
itor_I_lik 
TAXi_N 

pfam14543 TAXI-I inhibits degradation 
of xylan in the cell wall 
(pathogen responsive) 

2.63e-30 Gossypium raimondii



Clone No Time Hits Accession Description E value Origin 

8, 11, 92, 
143, 158

24h Bet_v1-like cd07816 Hyp-1 (PR-10) 1.36e-123 Hypericum maculatum

13 24h GST_C_Tau cd03185 GST_N family, Glutathione 
S-transferase (Pathogen 
responsive) 

1.59e-11 Manihot esculenta

16 24h PLN02582 pfam13292 1-deoxy-D-xylulose-5-
phosphate synthase 
(Pathogen responsive) 

2.61e-75 Jatropa curcus

17 24h PLN00113 PLN00113 Leucine-rich repeat (LRR) 
protein (Pathogen 
Responsive) 

1.60e-04 Populus euphratica

19 24h PLN02243 PLN02243 S-adenosylmethionine 
synthase (Pathogen 
Responsive) 

1.36e-123 Noccaea caerulescens]

72 24h SPFH_like_u4 cd03407 SPFH (Stomatin, prohibitin, 
flotillin, and HflK/C) 
superfamily (Pathogen 
responsive)  

2.34e-16 Citrus sinensis



Supplemental Data 

Table S3. Segregation analysis of T2 progenies of transgenic lines based 
on kanamycin resistance. 

Plants lines Kmr/Kms a Segregation ratio b Loci no. c

PGIP-1    162/0 Homozygous nd 

PGIP-13    142/36 3:1 1 

Hyp-1-PGIP-1  142/50 3:1 1 

Hyp-1-PGIP-5  130/10 15:1 2 

GFP-PGIP-3  220/0 Homozygous nd 

GFP-PGIP-7  169/58 3:1 1 

pGE d      225/55 3:1 1 

a Number of kanamycin-resistant seedlings/ number of 
kanamycin-sensitive seedlings  
b Best fitting kanamycin-segregation ratios (Chi-square test) 
c Number of independent loci estimated by kanamycin resistance 
segregation. Nd, not determined 
d Transgenic plants expressing GFP



Supplemental Data 

Table S4 The alignment of Brassica oleracea var. oleracea polygalacturonase inhibitor 1-like (GenBank: 

XM_013751645.1) vs Nicotiana benthamiana polygalacturonase inhibiting protein 1 

(Niben101Scf00637g04001.1)

Sequence ID: Query_17595                    Length: 996                    Number of Matches: 1 

Range 1: 1 to 996  

NW Score Identities Gaps Strand 
-6 635/1029 (62%) 51/1029 (4%) Plus/Plus

BoPGIP  1     ATGGATCATAAGACAAACACGACACTG--CTTTTCTCGCTCTTGTTTTCCATCACGTACC  58 
              ||| |    ||      | | |  ||   | |||||| |||   ||| |  ||   | || 
NbPGIP  1     ATGAACTCCAATTTTCTCCCCATTCTTTACCTTTCTCTCTCCCTTTTCCTTTCTTTTCCC  60 

BoPGIP  59    TCATCACCATCGCGACATCGAAAGATCTATGTAACCAAAACGACAAAAACACCCTCCTTA  118 
              ||  |  | ||||  ||  ||  |||    | || | |||||| |||||   ||| || | 
NbPGIP  61    TCCCCTTC-TCGCT-CAGTGA--GAT----GCAATCCAAACGATAAAAAGGTCCTTCTAA  112 

BoPGIP  119   AAATCAAGAAGTCCCTAAACAACCCTTACCACCTCGCCTCGTGGCACCCGGAAACCGACT  178 
              ||||||||||   | ||   || || || ||| | ||||| ||| | ||  | || || | 
NbPGIP  113   AAATCAAGAATGACTTAGGTAATCCCTATCACTTAGCCTCATGGGATCCCAACACAGATT  172 

BoPGIP  179   GCTGCTCCTGGTACTGCCTCGAATGCGGCGACGCCACCGTTAACCA-CCGCGTCATCTCC  237 
              |||| |  ||||||  | |  |||| | |  ||  |     ||||| |||  | |   |  
NbPGIP  173   GCTGTTATTGGTACGTCGTAAAATGTGAC--CGGAA-----AACCAACCGAATTAATGCT  225 

BoPGIP  238   CTAACCATATTCGCCGGTCAGATATCCGGTCAGATTCCGCCTGAAGTGGGTGACTTACCG  297 
              || ||| | |||   |   | || ||||| || |||||| |||  || || ||| | ||  
NbPGIP  226   CTCACCGTCTTCCAAGCCAACATTTCCGGCCAAATTCCGGCTGCCGTCGGAGACCTCCCT  285 

BoPGIP  298   TATCTTCAGAATCTTATG-TTCCACAGGATCACTAACATCACCGGTCAGATCCCATCCAC  356 
              | |||  | || ||||   |||||    ||||| ||  |||| ||    || ||  | || 
NbPGIP  286   TTTCTCGA-AACCTTACAATTCCATCATATCACAAATCTCACAGGAACCATTCCCCCAAC  344 

BoPGIP  357   CATCACCAAGCTTAAGTATCTCCGTTCTCTCAGGCTTAGCTGGTTGAACCTCACCGGCCC  416 
                |  | || || |   | |||       | || || || |     || || |  ||||| 
NbPGIP  345   TGTTGCTAAACTCACAAACCTCAAAATGTTAAGACTCAGTTTTACAAATCTTAGTGGCCC  404 

BoPGIP  417   GGTTCCTGATTTCCTTAGTCAGCTCATGAATCT-TGAATACTTAAGCCTTGCCTTCAATC  475 
                ||||| | || |||||||| |||| |||| | |   | ||| |   |   || ||||| 
NbPGIP  405   TATTCCTCAATTTCTTAGTCAACTCAAGAATTTATTTTTGCTTGAAT-TAAACTACAATC  463 

BoPGIP  476   AGCTCTCTGGTTCCATACCTAGCTCTCTCGCTTTGTTACCTAAACTTTCGTA-CATTGAT  534 
              |  || ||||  | || ||    || ||| ||    | |||||  |||  || || |    
NbPGIP  464   AATTCACTGGAACAATCCCATCATCACTCTCTGAACTCCCTAA--TTTATTAGCAATCCA  521 

BoPGIP  535   GTTAGTAGG-AATAAACTTACAGGTACAATACCTGAATCATTTGGATCGTTTCCAGCAGA  593 
               ||||   | |||||||| || ||   ||| || |||||||| |||   ||   ||   | 
NbPGIP  522   CTTAGACCGCAATAAACTCACTGGACAAATTCCAGAATCATTCGGAAATTTCAGAGGTCA  581 



BoPGIP  594   AGTTCCTCACCTTATCTTTTCACACAATCAG-CTCTCCGGTTCTATACCCAAATCACTAG  652 
              | | ||    |||  | ||||||| || ||| ||| | ||  | ||||| |||||  ||| 
NbPGIP  582   AATCCCAAGTCTTTACCTTTCACATAA-CAGTCTCACTGGCCCAATACCAAAATCTTTAG  640 

BoPGIP  653   GCAACCTTGATTTTAACCGGA-TAGATTTCTCAAGGAACAAGCTCACAGGCGATGCTTCG  711 
              | ||  |||| ||| ||   | | |||||||||||||||||| |   ||| |||| |||  
NbPGIP  641   GGAAT-TTGAATTTTACAACACTTGATTTCTCAAGGAACAAGTTAGAAGGTGATGTTTCT  699 

BoPGIP  712   ATGTTGTTTGGAGCCAACAAAACGACGTTTTCCATTGACTTATCAAGAAACATGTTCCAG  771 
               | |||||||||   |||||  | |      | ||||| || || || || |  || ||| 
NbPGIP  700   TTCTTGTTTGGAAAGAACAAGGCAATTCAGACAATTGATTTGTCGAGGAATACATTACAG  759 

BoPGIP  772   TTTGATCTGTCCAGAGTTGTGCTCCATGAG----TCACTTGGTGTACTGGACTTGAACCA  827 
              |||||||| || | ||| | | |||  |||    | || ||||    |||| |||||||| 
NbPGIP  760   TTTGATCTTTCGAAAGTGGAGTTCCCGGAGAGTTTAACGTGGT----TGGATTTGAACCA  815 

BoPGIP  828   CAATGGGATCACAGGGAGTATTCCGGTTCAGTGGACTGAAT-ATTCTC---TCCAAATCT  883 
               ||| || |    || ||  | || |   ||  || ||||  |||  |   | ||||  | 
NbPGIP  816   TAATCGGCTTTTTGGCAGCTTACCAGA--AG--GATTGAAAGATTTACAGTTACAAAATT  871 

BoPGIP  884   TAAATGTTAGCTATAACAGACTGTGTGGACCCATCCC-CACTGGAGGAAGTCTTCAGAGA  942 
              | ||||| || ||||| || || |||||||  || || ||  |  |||||| | |||||  
NbPGIP  872   TGAATGTGAGTTATAATAGGCTATGTGGACAGATTCCACAAGGTGGGAAGT-TGCAGAGC  930 

BoPGIP  943   TTTGATTCTTATACATATTTTCATAACAAGTGTTTATGTGGTGCACCTCTTGATAGTAGT  1002 
              ||||||  |||  | ||||||||||| || ||  | |||||  | ||  |||   | |   
NbPGIP  931   TTTGATGTTTACTCTTATTTTCATAATAAATGCCTTTGTGGCTCTCCG-TTGCCGGAA--  987 

BoPGIP  1003  TGCAAGTAA  1011 
              || || ||| 
NbPGIP  988   TGTAAATAA  996 


