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 Summary 

Heartwood is the inner stem core in trees that is deposited with natural antimicrobial 
preservatives.  Its formation is defined by the conversion of reserve materials into 
heartwood substances in conjunction with programmed cell death (PCD) of the xylem 
parenchymas. The process resembles wounding responses and shares molecular 
regulatory mechanisms with wood formation. Despite the ecological significance as a 
crucial development and defense strategy in trees, research on heartwood formation 
(HWF) has remained scarce, especially concerning its aspects in PCD. The current 
study focuses on two families of regulatory proteases in plant PCD, type-II 
metacaspases (MC-IIs) and vacuolar processing enzymes (VPEs), and examines their 
gene expression patterns in the different wood regions across an annual cycle based 
on the pre-established HWF marker genes, PAL1 and CHS3. In addition, the physiology 
of xylem parenchymas in trees and their terminal differentiation is reviewed to 
elaborate on the ecological significance of HWF. Taking Robinia pseudoacacia as a 
representative of angiosperm trees for the case study, heartwood-forming samples 
were collected monthly between April 2019 to March 2020 for gene expression 
analysis by real-time PCR. Complementary, weather data were included for a 
comprehensive overview, as well as sequences analysis with homologs of the 
candidate genes.  
 
The results show the orderly co-expression patterns of maker genes across the wood 
regions and annual cycle. In the differentiating xylem, upsurges of gene expression 
were observed with three MC4-like RpMC-IIs and RpMC9 starting in April and subsided 
by June, and the upregulation of γ-RpVPE occurred primarily in May and lessened in 
June, then β-RpVPE abruptly rose in June, and finally PAL1 increased in June and 
gradually declined until September. When viewing the combination with the 
corresponding weather data, upregulation of the type-II MC coincided with the first 
sharp increase of sunshine duration of the year, whereas elevation of β-RpVPE and 
PAL1 followed the rise in both sunshine and average temperature. In the transition 
zone (TZ), gene expression of PAL1, CHS3, and γVPE elevated in synchrony in autumn. 
The observed pattern in the outer TZ intriguingly preceded that of the inner TZ by a 
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month in autumn, which may be an indication of the flow of HWF initiation signals. 
The present work demonstrated that HWF involves all living regions in the stems and 
occurs over the seasonal cycle. Furthermore, HWF is a complex differentiation process 
comprised of multiple major biochemical processes and structural changes, and γ-VPE 
appeared to be a suitable reference as the marker for PCD.  
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Zusammenfassung 

Kernholz ist der innere Kern des Baumstamms, der natürliche antimikrobielle 
Konservierungsstoffe beinhaltet. Das Kernholz wird durch die Umwandlung von 
Reservestoffen in Kerninhaltsstoffe in Verbindung mit dem programmierten Zelltod 
des Xylemparenchyms gebildet. Der Prozess ähnelt der Wundreaktion im Holz und 
weist ähnliche molekulare Regulationsmechanismen wie die Holzbildung auf. Trotz 
ihrer ökologischen Bedeutung als entscheidende Entwicklungs- und Verteidigungs-
strategie bei Bäumen ist die Kernholzbildung, insbesondere im Hinblick auf den 
programmierten Zelltod, noch wenig erforscht. Die vorliegende Studie konzentriert 
sich auf zwei Familien von bereits etablierten Marker-Proteasen, die den 
programmierten Zelltod in der Pflanzenentwicklung regulieren: Typ-II-Metacaspasen 
(MC-II) und vakuoläre Prozessierungsenzyme (VPE). Weiterhin wurden die Gene 
Phenylalanin-Ammoniak-Lyase (PAL) und Chalkonsynthase (CHS) betrachtet, als 
Schlüsselenzyme des Phenylpropanoid- bzw. Flavonoid-Biosynthesewegs. Ihre 
Genexpressionen weisen auf die Produktion phenolischer Verbindungen hin und 
wurden als Marker für die Produktion von Kerninhaltsstoffen identifiziert. Untersucht 
wurden die Genexpressionsmuster der genannten Gene in den verschiedenen 
Holzregionen über einen Jahreszyklus hinweg. Darüber hinaus wurde die Physiologie 
des Xylemparenchyms und seine terminale Differenzierung untersucht, um die 
ökologische Bedeutung der Kernholzbildung herauszustellen. Am Beispiel der Robinie 
(Robinia pseudoacacia), einem Vertreter der Angiospermen, wurden für die 
Genexpressionsanalyse mittels Real-Time-PCR, über ein Jahr hinweg monatlich 
kernholzbildende Gewebeproben gesammelt. Ergänzend wurde eine vergleichende 
Sequenzanalyse mit Homologen durchgeführt, um zusammen mit den Wetterdaten 
einen umfassenden Überblick zu erhalten.  

Die Ergebnisse zeigen die zusammenhängenden Expressionsmuster der Maker-Gene 
über die Holzregionen und den Jahreszyklus hinweg. Im differenzierenden Xylem 
wurde ein Anstieg der Genexpression bei vier MC-II Genen beobachtet, der im April 
begann und bis Juni abfiel. Die Hochregulierung von γ-RpVPE trat hauptsächlich im 
Mai und weniger im Juni auf. Die Expression von β-RpVPE hingegen stieg im Juni 
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abrupt an. PAL1 wurde schließlich vermehrt ab Juni exprimiert und ging bis 
September allmählich zurück. In der kombinierten Betrachtung mit den 
entsprechenden Wetterdaten fiel die Hochregulierung von MC-II mit dem ersten 
starken Anstieg der Sonnenscheindauer des Jahres zusammen. Während der Anstieg 
von β-RpVPE und RpPAL1 sowohl dem Anstieg der Sonnenscheindauer als auch der 
Durchschnittstemperatur folgte. In der Übergangszone stieg die Genexpression von 
RpPAL1, RpCHS3 und γ-RpVPE synchron an. Das beobachtete Muster in der äußeren 
Übergangszone trat im Herbst einen Monat früher auf, als in der Inneren. Dies könnte 
einen Hinweis auf die Flussrichtung der Initiierungssignale der Kernholzbildung 
darstellen. Die vorliegende Arbeit zeigt, dass die Kernholzbildung alle lebenden 
Regionen des Holzes betrifft und im Laufe des Jahreszyklus stattfindet. Darüber hinaus 
ist die Kernholzbildung ein komplexer Differenzierungsprozess, der aus mehreren 
wichtigen biochemischen Prozessen und strukturellen Veränderungen besteht. Für den 
programmierten Zelltod scheint die Protease γ-VPE ein geeigneter Referenzmarker zu 
sein. 
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A final step to validate the qPCR primers was the testing for their efficiency and 
specificity. Each primer pair validated by sanger sequencing were subjected to stand 
curve and disassociation curve analysis on the qPCR instrument, as the results 
described in Figure 48, and the qPCR primers that passed the quality control are listed 
in Table 20. 

 

Figure 48 qPCR primer validation with amplification plots and dissociation curve, with 2 of the 
γ-RpVPE candidate primer pairs as examples. The primer pair γ-RpVPE 1024F-425R form primer 
dimers that resulted in peaks at a lower temperature when the concentration of cDNA is lower than the 
third sample in serial dilution, as shown in the DC on top. With the primer pair γ-RpVPE 808F-1004R, 
primer dimer only occurred in the lowest concentration and no template control. 
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Figure 49: Example of qPCR result in amplification plot (AP) on the left and dissociation curve (DC) 
on the right for the demonstration of quality control criteria. (Top) AP and DC of calibrator samples in 
three 10-fold serial dilutions conducted with reference gene 18S. Middle: AP and DC of the same calibrator 
samples conducted with the candidate gene β-RpVPE. (Bottom) Also, AP and DC from all samples of Region-
3 ran with β-RpVPE primer pair; all samples except 1905-3 resulted in the correct peak at the temperature 
between 80.1-80.6°C. The data from sample 1905-3 that peaked at 77.4°C matched with one for the no-
template-control and therefore counted as no value.  
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8. Appendix 

 

Figure 1: RpMC9 and homologs DNA sequence alignment overview and sequence information table on 

BLASTn result with RpMC9 as query.  

Lane Accession Description 

Query 

coverage 

% Pairwise 

Identity 

Bit-

Score 

1 -- Robinia pseudoacacia MC9a -- -- -- 

2 -- Robinia pseudoacacia MC9b -- -- -- 

3 XM_027495318.1 PREDICTED: Abrus precatorius metacaspase-9 (LOC113862209), mRNA 99.00% 86.0% 924.611 

4 XM_019601616.1 PREDICTED: Lupinus angustifolius metacaspase-9 (LOC109357640), mRNA 99.00% 84.1% 856.083 

5 XM_004493225.3 PREDICTED: Cicer arietinum metacaspase-9 (LOC101488845), mRNA 98.75% 82.5% 806.49 

6 XM_013594075.3 PREDICTED: Medicago truncatula metacaspase-9 (LOC25498997), mRNA 98.87% 81.4% 762.308 

7 XM_045940070.1 PREDICTED: Trifolium pratense metacaspase-9 (LOC123890464), mRNA 98.37% 81.4% 757.8 

8 XM_028361387.1 PREDICTED: Glycine soja metacaspase-9 (LOC114399243), mRNA 99.00% 81.0% 738.864 

9 XM_003554030.5 PREDICTED: Glycine max metacaspase-9 (LOC100781510), mRNA 99.00% 81.0% 738.864 

10 XM_020364252.2 PREDICTED: Cajanus cajan metacaspase-9 (LOC109802849), mRNA 99.00% 79.7% 691.075 

11 XM_025749698.2 PREDICTED: Arachis hypogaea metacaspase-9 (LOC112696814), mRNA 97.62% 75.9% 554.019 

12 XM_016306384.2 PREDICTED: Arachis ipaensis metacaspase-9 (LOC107604728), mRNA 97.62% 75.7% 549.51 

13 XM_028916909.1 PREDICTED: Prosopis alba metacaspase-9-like (LOC114729879), mRNA 99.00% 75.1% 526.968 

14 XM_028910894.1 PREDICTED: Prosopis alba metacaspase-9-like (LOC114724535), mRNA 99.00% 75.1% 526.968 

15 XM_014635660.2 PREDICTED: Vigna radiata var. radiata metacaspase-9 (LOC106753803), mRNA 99.00% 74.9% 526.067 

16 XM_031068375.1 PREDICTED: Quercus lobata metacaspase-9 (LOC115951191), mRNA 99.25% 74.6% 513.443 

17 XM_024073957.1 PREDICTED: Quercus suber metacaspase-9-like (LOC112041046), mRNA 99.25% 74.4% 506.23 

18 XM_007161767.1 Phaseolus vulgaris hypothetical protein (PHAVU_001G101400g) mRNA, complete cds 99.00% 74.2% 497.213 

19 XM_050389100.1 PREDICTED: Quercus robur metacaspase-9 (LOC126693194), mRNA 99.25% 74.2% 499.918 

20 XM_017562410.1 PREDICTED: Vigna angularis metacaspase-9 (LOC108328531), mRNA 99.00% 74.0% 492.704 

21 XM_047291339.1 PREDICTED: Vigna umbellata metacaspase-9 (LOC124819764), mRNA 99.00% 73.8% 488.196 

22 XM_028061471.1 PREDICTED: Vigna unguiculata metacaspase-9 (LOC114176425), mRNA 99.00% 73.7% 477.376 

23 XM_024303475.2 PREDICTED: Rosa chinensis metacaspase-9 (LOC112166596), mRNA 96.99% 72.7% 441.308 

24 XM_041169463.1 
PREDICTED: Juglans microcarpa x Juglans regia metacaspase-9 (LOC121265797), 

mRNA 
98.49% 72.0% 410.651 

25 XM_043087374.1 PREDICTED: Carya illinoinensis metacaspase-9 (LOC122277404), mRNA 98.49% 71.5% 397.126 

   -- Indicates not applicable 
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Figure 2: DNA sequence alignment with RpMC9 and homologs (page 1). 

  



Appendix 

 

150  

 

 

Figure 2: DNA sequence alignment with RpMC9 and homologs (page 2). 
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Figure 2: DNA sequence alignment with RpMC9 and homologs (page 3). 
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Figure 2: DNA sequence alignment with RpMC9 and homologs (page 4). 
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Figure 2: DNA sequence alignment with RpMC9 and homologs (page 5). 
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Figure 2: DNA sequence alignment with RpMC9 and homologs (page 6). 
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-- Indicates not applicable 

Figure 3: RpMC-II and homologs DNA sequence alignment overview and sequence information table. 

 

Lane Sequence label Description Accession 

1 Abrus precatorius MC4-like 
PREDICTED: Abrus precatorius metacaspase-4-like (LOC113864938), transcript variant X1, 

mRNA 
XM_027499192.1 

2 Cicer arietinum MC4-like PREDICTED: Cicer arietinum metacaspase-4-like (LOC101509880), mRNA XM_004509944.3 

3 Glycine max MC4 PREDICTED: Glycine max metacaspase-4 (LOC100795043), mRNA XM_003531762.5 

4 Glycine max MC4 PREDICTED: Glycine max metacaspase-4 (LOC100802658), mRNA XM_003546612.5 

5 Glycine soja MC4-like PREDICTED: Glycine soja metacaspase-4-like (LOC114422611), mRNA XM_028389058.1 

6  Robinia pseudoacacia MC-IIa Robinia pseudoacacia Type-II matecaspase RpMC-IIa   

7  Robinia pseudoacacia MC-IIb Robinia pseudoacacia Type-II matecaspase RpMC-IIb   

8  Robinia pseudoacacia MC-IIc Robinia pseudoacacia Type-II matecaspaseRpMC-IIc   

9 Arachis hypogaea MC5 PREDICTED: Arachis hypogaea metacaspase-5 (LOC112707436), mRNA XM_025759180.2 

10 Arachis ipaensis MC5 PREDICTED: Arachis ipaensis metacaspase-5 (LOC107635285), mRNA XM_016338719.2 

11 Abrus precatorius MC5-like 
PREDICTED: Abrus precatorius metacaspase-5-like (LOC113865563), transcript variant X1, 

mRNA 
XM_027500219.1 

12 Cajanus cajan MC5 PREDICTED: Cajanus cajan metacaspase-5 (LOC109789350), mRNA XM_020348274.2 

13 Cajanus cajan MC5 PREDICTED: Cajanus cajan metacaspase-5 (LOC109789349), transcript variant X1, mRNA XM_020348272.2 

14 Cicer arietinum MC5-like PREDICTED: Cicer arietinum metacaspase-5-like (LOC101509553), mRNA XM_004488501.3 

15 Glycine max putative MC Glycine max putative metacaspase (LOC100527809), mRNA NM_001250818.2 

16 Lupinus angustifolius MC5-like PREDICTED: Lupinus angustifolius metacaspase-5-like (LOC109352001), mRNA XM_019593760.1 

17 Medicago truncatula MC5 PREDICTED: Medicago truncatula metacaspase-5 (LOC25502442), mRNA XM_013589850.3 

18 Medicago truncatula MC5 PREDICTED: Medicago truncatula metacaspase-5 (LOC11419585), mRNA XM_003595881.4 

19 Prosopis alba MC5-like PREDICTED: Prosopis alba metacaspase-5-like (LOC114754970), mRNA XM_028943832.1 

20 Vigna angularis MC5-like PREDICTED: Vigna angularis metacaspase-5-like (LOC108338807), mRNA XM_017575836.1 

21 Vigna angularis MC5-like PREDICTED: Vigna angularis metacaspase-5-like (LOC108340250), mRNA XM_017577495.1 

22 Vigna radiata var. radiata MC5 PREDICTED: Vigna radiata var. radiata metacaspase-5 (LOC106752949), mRNA XM_014634726.2 

23 Vigna radiata var. radiata MC5 PREDICTED: Vigna radiata var. radiata metacaspase-5 (LOC106752959), mRNA XM_014634744.2 

24 Vigna unguiculata MC5-like PREDICTED: Vigna unguiculata metacaspase-5-like (LOC114169553), mRNA XM_028054754.1 

25 Vigna unguiculata MC5-like PREDICTED: Vigna unguiculata metacaspase-5-like (LOC114170591), mRNA XM_028056101.1 
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Table 1: BLASTn result with RpMC-IIa as query. 

Accession Description 
Query 

coverage 

% Pairwise 

Identity 

Bit-

Score 

NM_001250818 Glycine max putative metacaspase (LOC100527809), mRNA 99.46% 80.0% 409.23 

XM_028389055 PREDICTED: Glycine soja metacaspase-5-like (LOC114422609), mRNA 99.46% 80.0% 409.23 

XM_020348272 PREDICTED: Cajanus cajan metacaspase-5 (LOC109789349), transcript variant X1, mRNA 100.00% 80.3% 409.23 

XM_020348273 PREDICTED: Cajanus cajan metacaspase-5 (LOC109789349), transcript variant X2, mRNA 100.00% 80.3% 409.23 

XM_014634726 PREDICTED: Vigna radiata var. radiata metacaspase-5 (LOC106752949), mRNA 99.11% 80.3% 411.07

7 XM_019593760 PREDICTED: Lupinus angustifolius metacaspase-5-like (LOC109352001), mRNA 96.43% 80.5% 409.23 

XM_020348274 PREDICTED: Cajanus cajan metacaspase-5 (LOC109789350), mRNA 100.00% 80.7% 431.39 

XM_017577495 PREDICTED: Vigna angularis metacaspase-5-like (LOC108340250), mRNA 99.11% 80.8% 427.69

6 XM_047312313 PREDICTED: Vigna umbellata metacaspase-5-like (LOC124837030), mRNA 99.11% 80.8% 427.69

6 XM_007133394 Phaseolus vulgaris hypothetical protein (PHAVU_011G180200g) mRNA, complete cds 99.11% 81.0% 433.23

6 XM_045944455 PREDICTED: Trifolium pratense metacaspase-5-like (LOC123894447), mRNA 97.86% 81.2% 431.39 

XM_004509944 PREDICTED: Cicer arietinum metacaspase-4-like (LOC101509880), mRNA 100.00% 81.4% 448.01 

XM_027500219 PREDICTED: Abrus precatorius metacaspase-5-like (LOC113865563), transcript variant X1, mRNA 90.54% 81.6% 416.61

6 XM_003531762 PREDICTED: Glycine max metacaspase-4 (LOC100795043), mRNA 98.57% 81.7% 455.39

6 XM_028389058 PREDICTED: Glycine soja metacaspase-4-like (LOC114422611), mRNA 98.57% 81.7% 455.39

6 XM_003546612 PREDICTED: Glycine max metacaspase-4 (LOC100802658), mRNA 99.11% 82.0% 466.47

6 XM_028348014 PREDICTED: Glycine soja metacaspase-4-like (LOC114387810), mRNA 99.11% 82.0% 466.47

6 XM_007133396 Phaseolus vulgaris hypothetical protein (PHAVU_011G180300g) mRNA, complete cds 99.64% 82.6% 484.94

3 XM_027499192 PREDICTED: Abrus precatorius metacaspase-4-like (LOC113864938), transcript variant X1, mRNA 97.50% 83.8% 512.64

2  

Table 2: BLASTn result with RpMC-IIb as query. 

Accession Description 
Query 

coverage 

% Pairwise 

Identity 

Bit-

Score 

XM_007133394 Phaseolus vulgaris hypothetical protein (PHAVU_011G180200g) mRNA, complete cds 99.14% 81.1% 355.677 

XM_027500219 PREDICTED: Abrus precatorius metacaspase-5-like (LOC113865563), transcript variant X1, mRNA 99.14% 81.5% 372.297 

XM_020348272 PREDICTED: Cajanus cajan metacaspase-5 (LOC109789349), transcript variant X1, mRNA 96.98% 81.8% 370.45 

XM_020348273 PREDICTED: Cajanus cajan metacaspase-5 (LOC109789349), transcript variant X2, mRNA 96.98% 81.8% 370.45 

NM_001250818 Glycine max putative metacaspase (LOC100527809), mRNA 93.09% 82.0% 363.064 

XM_028389055 PREDICTED: Glycine soja metacaspase-5-like (LOC114422609), mRNA 93.09% 82.0% 363.064 

XM_047312313 PREDICTED: Vigna umbellata metacaspase-5-like (LOC124837030), mRNA 90.71% 82.0% 350.137 

XM_045944455 PREDICTED: Trifolium pratense metacaspase-5-like (LOC123894447), mRNA 90.50% 82.1% 351.984 

XM_027500220 PREDICTED: Abrus precatorius metacaspase-5-like (LOC113865563), transcript variant X2, mRNA 90.28% 82.1% 351.984 

XM_019593760 PREDICTED: Lupinus angustifolius metacaspase-5-like (LOC109352001), mRNA 91.58% 82.2% 359.37 

XM_004509944 PREDICTED: Cicer arietinum metacaspase-4-like (LOC101509880), mRNA 95.03% 82.7% 379.683 

XM_028389058 PREDICTED: Glycine soja metacaspase-4-like (LOC114422611), mRNA 96.33% 82.7% 387.07 

XM_003531762 PREDICTED: Glycine max metacaspase-4 (LOC100795043), mRNA 96.33% 83.0% 392.61 

XM_003546612 PREDICTED: Glycine max metacaspase-4 (LOC100802658), mRNA 97.84% 83.0% 399.997 

XM_028348014 PREDICTED: Glycine soja metacaspase-4-like (LOC114387810), mRNA 97.84% 83.0% 399.997 

XM_007133396 Phaseolus vulgaris hypothetical protein (PHAVU_011G180300g) mRNA, complete cds 91.36% 83.1% 379.683 

XM_027499192 PREDICTED: Abrus precatorius metacaspase-4-like (LOC113864938), transcript variant X1, mRNA 99.14% 83.4% 416.616 

XM_027499193 PREDICTED: Abrus precatorius metacaspase-4-like (LOC113864938), transcript variant X2, mRNA 84.67% 84.4% 385.223 

  
Table 3: BLASTn result with RpMC-IIc as query. 

Accession Description 
Query 

coverage 

% Pairwise 

Identity 

Bit-

Score 

XM_013589850 PREDICTED: Medicago truncatula metacaspase-5 (LOC25502442), mRNA 97.20% 79.3% 222.718 

XM_027500219 PREDICTED: Abrus precatorius metacaspase-5-like (LOC113865563), transcript variant X1, mRNA 96.64% 80.9% 267.038 

NM_001250818 Glycine max putative metacaspase (LOC100527809), mRNA 96.64% 81.1% 274.424 

XM_028389055 PREDICTED: Glycine soja metacaspase-5-like (LOC114422609), mRNA 96.64% 81.1% 274.424 

XM_003531762 PREDICTED: Glycine max metacaspase-4 (LOC100795043), mRNA 99.16% 82.2% 291.044 

XM_028389058 PREDICTED: Glycine soja metacaspase-4-like (LOC114422611), mRNA 99.16% 82.2% 291.044 

XM_004509944 PREDICTED: Cicer arietinum metacaspase-4-like (LOC101509880), mRNA 97.76% 83.2% 309.511 

XM_003546612 PREDICTED: Glycine max metacaspase-4 (LOC100802658), mRNA 100.00% 84.3% 335.364 

XM_028348014 PREDICTED: Glycine soja metacaspase-4-like (LOC114387810), mRNA 100.00% 84.3% 335.364 

XM_014634744 PREDICTED: Vigna radiata var. radiata metacaspase-5 (LOC106752959), mRNA 99.16% 84.6% 350.137 

XM_017575836 PREDICTED: Vigna angularis metacaspase-5-like (LOC108338807), mRNA 99.16% 84.7% 355.677 

XM_047312309 PREDICTED: Vigna umbellata metacaspase-5-like (LOC124837025), mRNA 99.16% 84.7% 355.677 

XM_027499192 PREDICTED: Abrus precatorius metacaspase-4-like (LOC113864938), transcript variant X1, mRNA 99.16% 84.9% 350.137 

XM_027500220 PREDICTED: Abrus precatorius metacaspase-5-like (LOC113865563), transcript variant X2, mRNA 27.17% 87.6% 113.766 

XM_027499193 PREDICTED: Abrus precatorius metacaspase-4-like (LOC113864938), transcript variant X2, mRNA 21.85% 88.5% 952.994 
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Figure 4: DNA sequence alignment with RpMC-II, and homologs of MC4 and MC5 in Fabales (page 1). 
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Figure 4: DNA sequence alignment with RpMC-II, and homologs of MC4 and MC5 in Fabales (page 2). 
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Figure 4: DNA sequence alignment with RpMC-II, and homologs of MC4 and MC5 in Fabales (page 3). 
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Figure 4: DNA sequence alignment with RpMC-II, and homologs of MC4 and MC5 in Fabales (page 4). 
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Figure 4: DNA sequence alignment with RpMC-II, and homologs of MC4 and MC5 in Fabales (page 5). 

 

 

Figure 5: γ-RpVPE and homologs DNA sequence alignment overview, sequence information table on 

BLASTn results is listed in Table 4  
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Table 4: Information on the sequences in Figure 5 

Lane Sequence label Accession Description 
Query 

coverage 

% Pairwise 

Identity 

Bit-

Score 

1 Robinia pseudoacacia 

γ-VPE 
-- Robinia pseudoacacia γ-VPE -- -- -- 

2 Abrus precatorius XM_027513192.1 
PREDICTED: Abrus precatorius vacuolar-processing 

enzyme-like (LOC113874911), transcript variant X1, mRNA 
92.05% 90.6% 1716.66 

3 Glycine max VPE2 NM_001249635.

2 
Glycine max vacuolar processing enzyme 2 (VPE2), mRNA 96.05% 90.5% 1703.67 

4 Cajanus cajan 1 XM_020366661.2 
PREDICTED: Cajanus cajan vacuolar-processing enzyme 

(LOC109804800), mRNA 
92.05% 89.0% 1598.47 

5 Glycine max 3 XM_003550235.5 
PREDICTED: Glycine max vacuolar-processing enzyme 

(LOC100784318), mRNA 
97.16% 88.8% 1659.41 

6 Vigna angularis VPE XM_017574898.1 
PREDICTED: Vigna angularis vacuolar-processing enzyme 

(LOC108338162), transcript variant X1, mRNA 
91.77% 88.1% 1526.45 

7 Vigna umbellata VPE XM_047306939.1 
PREDICTED: Vigna umbellata vacuolar-processing enzyme 

(LOC124832678), mRNA 
91.77% 88.1% 1526.45 

8 Phaseolus vulgaris 2 XM_007160923.1 
Phaseolus vulgaris hypothetical protein 

(PHAVU_001G033500g) mRNA, complete cds 
91.70% 87.8% 1506.14 

9 Cicer arietinum 2 XM_027333646.1 
PREDICTED: Cicer arietinum vacuolar-processing enzyme-

like (LOC101514688), transcript variant X1, mRNA 
92.05% 87.8% 1511.68 

10 Glycine max 2 XM_003525931.5 
PREDICTED: Glycine max vacuolar-processing enzyme 

(LOC100791675), mRNA 
88.79% 87.8% 1459.97 

11 Vigna unguiculata VPE XM_028084964.1 
PREDICTED: Vigna unguiculata vacuolar-processing 

enzyme (LOC114194621), mRNA 
91.77% 87.6% 1491.37 

12 
Lupinus angustifolius 

VPE-like 
XM_019573985.1 

PREDICTED: Lupinus angustifolius vacuolar-processing 

enzyme-like (LOC109337103), mRNA 
84.74% 87.1% 1345.48 

13 Glycine max 4 XM_014774474.3 
PREDICTED: Glycine max vacuolar-processing enzyme 

(LOC100807010), transcript variant X1, mRNA 
88.79% 87.0% 1406.42 

14 Trifolium pratense VPE XM_045968705.1 
PREDICTED: Trifolium pratense vacuolar-processing 

enzyme (LOC123917080), mRNA 
88.86% 86.8% 1387.95 

15 
Medicago truncatula 

VPE 
XM_013610451.3 

PREDICTED: Medicago truncatula vacuolar-processing 

enzyme (LOC25482000), mRNA 
91.34% 86.8% 1417.5 

16 Vigna mungo VmPE-1A D89972.1 
Vigna mungo mRNA for asparaginyl endopeptidase 

(VmPE-1A), complete cds 
91.77% 86.7% 1426.73 

17 
Lupinus angustifolius 

VPE-like 
XM_019561080.1 

PREDICTED: Lupinus angustifolius vacuolar-processing 

enzyme-like (LOC109327911), mRNA 
89.99% 86.5% 1389.8 

18 Prosopis alba VPE XM_028940230.1 
PREDICTED: Prosopis alba vacuolar-processing enzyme 

(LOC114751576), mRNA 
87.01% 86.5% 1341.79 

19 Cajanus cajan 2 XM_020368305.2 
PREDICTED: Cajanus cajan vacuolar-processing enzyme 

(LOC109805986), mRNA 
88.22% 86.1% 1336.25 

20 Cicer arietinum 1 XM_004501420.3 
PREDICTED: Cicer arietinum vacuolar-processing enzyme-

like (LOC101515346), mRNA 
88.72% 85.7% 1308.55 

21 Lupinus angustifolius 3 XM_019582316.1 
PREDICTED: Lupinus angustifolius vacuolar-processing 

enzyme-like (LOC109343833), mRNA 
89.07% 85.7% 1315.93 

22 
Vigna umbellata VPE-

like 
XM_047316214.1 

PREDICTED: Vigna umbellata vacuolar-processing enzyme-

like (LOC124840200), mRNA 
88.72% 85.6% 1310.39 

23 
Vigna angularis VPE-

like 
XM_017566611.1 

PREDICTED: Vigna angularis vacuolar-processing enzyme-

like (LOC108331721), mRNA 
88.72% 85.6% 1304.85 

24 
Vigna radiata var. 

radiata 
XM_014645928.2 

PREDICTED: Vigna radiata var. radiata vacuolar-processing 

enzyme (LOC106762174), mRNA 
88.72% 85.5% 1299.31 

25 Phaseolus vulgaris 1 XM_007136747.1 
Phaseolus vulgaris hypothetical protein 

(PHAVU_009G076100g) mRNA, complete cds 
88.72% 85.4% 1293.78 

26 
Vigna unguiculata VPE-

like 
XM_028047286.1 

PREDICTED: Vigna unguiculata vacuolar-processing 

enzyme-like (LOC114163155), mRNA 
88.72% 85.2% 1279.0 

27 Arachis ipaensis XM_016308381.2 
PREDICTED: Arachis ipaensis vacuolar-processing enzyme 

(LOC107606332), mRNA 
90.70% 85.2% 1304.85 

28 Medicago truncatula 1 XM_003603073.4 
PREDICTED: Medicago truncatula vacuolar-processing 

enzyme gamma-isozyme (LOC11432331), mRNA 
87.51% 84.8% 1234.68 

29 Arachis hypogaea 1 XM_025757656.2 
PREDICTED: Arachis hypogaea vacuolar-processing 

enzyme (LOC112706381), mRNA 
90.70% 84.7% 1271.62 

30 
Trifolium pratense 

VPE-like 
XM_045944193.1 

PREDICTED: Trifolium pratense vacuolar-processing 

enzyme-like (LOC123894249), mRNA 
90.70% 84.7% 1271.62 

31 Vigna mungo VmPE-1 D89971.1 
Vigna mungo mRNA for asparaginyl endopeptidase 

(VmPE-1), complete cds 
88.29% 84.6% 1232.84 

-- Indicates not applicable 
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Figure 6: DNA sequence alignment with γ-RpVPE and homologs (page 1).  
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Figure 6: DNA sequence alignment with γ-RpVPE and homologs (page 2).
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Figure 6: DNA sequence alignment with γ-RpVPE and homologs (page 3). 
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Figure 6: DNA sequence alignment with γ-RpVPE and homologs (page 4). 
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Figure 6: DNA sequence alignment with γ-RpVPE and homologs (page 5). 
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Figure 6: DNA sequence alignment with γ-RpVPE and homologs (page 6). 
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Figure 6: DNA sequence alignment with γ-RpVPE and homologs (page 7).  
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Figure 6: DNA sequence alignment with γ-RpVPE and homologs (page 8).
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Figure 6: DNA sequence alignment with γ-RpVPE and homologs (page 9).  
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Lane Sequence label Accession Description 
Query 

coverage 

% Pairwise 

Identity 
Bit-Score 

1 
Robinia 

pseudoacacia β-VPE 
-- Robinia pseudoacacia β-VPE -- -- -- 

2 Glycine max VPE NM_001249749.2 Glycine max vacuolar-processing enzyme (VPE), mRNA 100.00% 89.6% 1421.19 

3 Abrus precatorius XM_027479555.1 
PREDICTED: Abrus precatorius legumain (LOC113849561), 

mRNA 
100.00% 89.5% 1410.11 

4 Glycine max 1 D28876.1 Glycine max mRNA for cysteine proteinase, complete cds 100.00% 89.5% 1410.11 

5 Lupinus angustifolius XM_019591087.1 
PREDICTED: Lupinus angustifolius legumain (LOC109349992), 

mRNA 
100.00% 89.3% 1399.03 

6 Glycine max 2 NM_001349197.1 Glycine max seed maturation protein PM40 (PM40), mRNA 100.00% 89.1% 1387.95 

7 Cajanus cajan XM_020370788.2 
PREDICTED: Cajanus cajan vacuolar-processing enzyme 

(LOC109808005), mRNA 
100.00% 88.0% 1321.47 

8 Vigna unguiculata XM_028063059.1 
PREDICTED: Vigna unguiculata vacuolar-processing enzyme 

(LOC114177634), mRNA 
100.00% 88.0% 1319.63 

9 Vigna radiata XM_014654608.2 
PREDICTED: Vigna radiata var. radiata vacuolar-processing 

enzyme (LOC106769123), mRNA 
100.00% 87.8% 1308.55 

10 Phaseolus vulgaris 2 XM_007155562.1 
Phaseolus vulgaris hypothetical protein 

(PHAVU_003G217500g) mRNA, complete cds 
100.00% 87.8% 1304.85 

11 Phaseolus vulgaris Z99957.1 
Phaseolus vulgaris Moldavian encoding legumain-like 

proteinase precursor (clone p21b) 
100.00% 87.8% 1304.85 

12 Vigna angularis XM_017554660.1 
PREDICTED: Vigna angularis vacuolar-processing enzyme 

(LOC108322532), mRNA 
100.00% 87.3% 1277.16 

13 Cicer arietinum XM_004515685.3 
PREDICTED: Cicer arietinum legumain (LOC101491855), 

mRNA 
100.00% 87.0% 1260.54 

14 Canavalia ensiformis D31787.1 
Canavalia ensiformis mRNA for asparaginyl endopeptidase, 

complete cds 
100.00% 87.0% 1255.0 

15 Medicago truncatula XM_003608718.4 
PREDICTED: Medicago truncatula legumain (LOC11405547), 

mRNA 
100.00% 86.8% 1243.92 

16 Clitoria ternatea 1 MT468738.1 
Clitoria ternatea clone ctr29014_c2_g1_i2 asparaginyl 

endopeptidase 2 mRNA, complete cds 
100.00% 86.8% 1243.92 

17 Clitoria ternatea 2 KR912009.1 
Clitoria ternatea clone Ct_flwr_1565_g1_i1 asparaginyl 

endopeptidase mRNA, complete cds 
100.00% 86.7% 1238.38 

18 Arachis hypogaea XM_025846712.2 
PREDICTED: Arachis hypogaea legumain (LOC112803196), 

mRNA 
100.00% 85.6% 1170.05 

19 Arachis duranensis XM_016107728.2 
PREDICTED: Arachis duranensis legumain (LOC107487130), 

mRNA 
100.00% 85.6% 1170.05 

20 Vicia sativa AJ007743.1 Vicia sativa mRNA for cysteine proteinase precursor 100.00% 85.2% 1142.35 

21 Trifolium pratense 2 XM_045932441.1 
PREDICTED: Trifolium pratense legumain (LOC123883594), 

transcript variant X1, mRNA 
100.00% 84.8% 1122.04 

22 Trifolium pratense 1 XM_045932442.1 
PREDICTED: Trifolium pratense legumain (LOC123883594), 

transcript variant X2, mRNA 
100.00% 84.8% 1122.04 

23 Vicia narbonensis Z99174.1 Vicia narbonensis mRNA for cysteine proteinase precursor 100.00% 84.7% 1116.5 

24 Prosopis alba 2 XM_028906873.1 
PREDICTED: Prosopis alba legumain-like (LOC114721067), 

mRNA 
100.00% 84.1% 1077.72 

25 Prosopis alba 1 XM_028931650.1 
PREDICTED: Prosopis alba legumain-like (LOC114743439), 

mRNA 
100.00% 84.1% 1077.72 

-- Indicates not applicable 

Figure 7: β-RpVPE and homologs DNA sequence alignment overview and sequence information table on 

BLASTn result with β-RpVPE as query. 
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Figure 8: DNA sequence alignment with β-RpVPE and homologs (page 1). 
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Figure 8: DNA sequence alignment with β-RpVPE and homologs (page 2). 
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Figure 8: DNA sequence alignment with β-RpVPE and homologs (page 3).  
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Figure 8: DNA sequence alignment with β-RpVPE and homologs (page 4). 



Appendix 

 

177  

 

 
Figure 8: sequence alignment with β-RpVPE and homologs (page 5).  
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Figure 8: DNA sequence alignment with β-RpVPE and homologs (page 6).  



Appendix 

 

179  

 

 

Figure 8: DNA sequence alignment with β-RpVPE and homologs (page 7). 


