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Abstract
Highly esterified polygalacturonan (PGA) makes up a significant portion of plant cell wall pectin and is the primary barrier against fungal and 
bacterial phytopathogens. However, to allow for normal cell growth, the action of pectin methylesterases (PMEs) is thought to be necessary 
prior to the hydrolysis action of polygalacturonases (PGs). The action of PMEs is also believed to lower the pH of the cell wall environment, 
but little has been explored about the possible role the change in pH may play. Using calculated isoelectric points as an estimation for the 
pH of optimal activity, the most comprehensive analysis of PME and PG sequences was performed, including 198 protein sequences from 
the most significant crops and crop disease pathogens, to better understand the cooperative action of PMEs and PGs. The results suggest 
that PME activity may lower the cell wall pH to optimize PG activity for both plant and pathogen. 
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study attempts to contribute to our understanding of the role of 
plant cell wall pH. Several pathogens, like Aspergillus fungi, have 
multiple PGs,10 and studies have been performed to evaluate the 
pH of their optimal activities.10,15-26 The results of these studies 
suggest that if a pathogen has several PGs, they are likely to be 
optimally active at differing pHs. This has been suggested to be 
an evolutionary advancement enabling the pathogen to be more 
versatile. These studies, although quite valuable, are few in num-
ber presumably due to the challenge of protein purification. So, 
we desire a more comprehensive evaluation of optimal pH activity 
among important crops and crop disease pathogens. 

Additionally, there has been only minimal mention in the liter-
ature of the effect of PME activity in lowering the pH of the plant 
cell wall environment.27 The de-esterification process exposes car-
boxylic acids which, in turn, lowers the ambient pH. Therefore, it 
is possible that possessing a set of PGs optimally active at different 
pH’s, may not only provide a pathogen versatility against various 
plant hosts, but also allow it to stay viable indefinitely throughout 
the degradation process.

Generally, PGs with acidic isoelectric points (pI) are most 
active at acidic pHs, while those with alkaline pIs are optimally 
active under alkaline conditions. The isoelectric focusing-mea-
sured pI of Aspergillus aculeatus PG is in the range of 4.2-4.6, 
and the enzyme has been determined to be optimally active at 
pH 5.28 PMEs are also optimally active within the range of their 
isoelectric points and have been shown to exhibit a pH-dependent 
mechanism of action.29 Interestingly, studies of Aspergillus pectin 
lyase crystal structure have shown that active-site aspartate resi-
dues critical for its activity are involved in a pH-triggered confor-
mational change.30 However, despite having pH-responsive active 
site aspartate residues that participate in an acid-base mechanism, 
PGs do not exhibit pH-dependent structural changes, suggesting a 
relatively rigid conformation. Notably, PGs crystallized at differ-
ent pH levels show differences in the T1 loop, which contains a 
tyrosine residue crucial for catalysis. The tyrosine residue has been 
suggested to play a role in transition state stabilization.28 All these 

Introduction. 

With a population of nearly 8 billion and annual growth of 
1%, the need for worldwide agricultural productivity has never 
been greater than it is today.1 Despite the increasing demands, 
greater than $200 billion dollars is lost annually to crop disease.2 
Whether in the fields, storage, or transit, bacteria and fungi are 
constant threats to plants and produce. The plant cell wall, a pec-
tin network comprised of variable polysaccharides, is the first and 
primary defense against phytopathogens.3 Interestingly, however, 
this rigid cellular structure is an obstacle for normal plant growth 
and fruit ripening. Consequently, the plant cell wall serves as a 
fascinatingly complex battle ground between plant and pathogen, 
each with multiple enzymes that compete to either protect, expose, 
or loosen the cell wall.
          	

The pectin network is principally composed of polygalacturo-
nan (polygalacturonic acid or PGA). PGA is vulnerable to the ac-
tion of endogenous or pathogenic polygalacturonases (PGs) which 
cleave α-1,4 glycosidic bonds. Endogenous PG activity results in 
the softening of the cell wall and is necessary for cell growth and 
fruit ripening. Pathogenic PG activity more extensively creates 
holes in the pectin network, providing a means for the release of 
more enzymes into the host cell to provide nutrients for the patho-
gen.4-7 Although plants do possess polygalacturonase inhibitor pro-
teins (PGIPs) against some pathogenic PGs, the specificity is not 
well understood and no PGIP seems to be universally effective.8-11 
Additionally, PGA is often methyl esterified. The esterification 
seems to protect the PGA from both endogenous and pathogen-
ic PG activity. However, both plants and pathogens have pectin 
methylesterases (PMEs) that de-esterify segments of PGA to allow 
for PG activity.12-14

          	
The reality that both plant and pathogens possess similar func-

tioning PMEs and PGs, the endogenous ones used to facilitate nor-
mal growth cycles and pathogenic ones used to irreversibly weak-
en the cell wall, emphasizes the need for a more comprehensive 
understanding of how these enzyme systems interact. This present 
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studies highlight the crucial role of pH in the structure and activi-
ty of PGs and PMEs, and that calculating isoelectric points could 
be a helpful tool for estimating their optimal pH and mechanism 
of action for large numbers of enzymes. Therefore, this current 
work provides the first comprehensive, large-scale evaluation and 
comparison of isoelectric points among plant and phytopathogenic 
PGs and PMEs, in the hope that the patterns observed may provide 
insight into both the normal function of the plant cell wall metab-
olism and pathogenesis. 

Methods. 

A thorough sampling of plant and pathogenic PGs and 
PMEs was selected from the National Center for Biotechnology 
Information protein database.31 To guide the selection process of the 
pathogens, the list attempted to include the most significant bacterial 
and fungal crop pathogens,32,33 and those for which pH optimum 
studies had been performed.10,15-26 The investigation identified 58 
PGs and 60 PMEs with mature sequences characterized in the 
database. The plants were chosen to include the most financially 
important crops as gleaned from the United Nations Food and 
Agriculture Organization’s database.34 The investigation identified 
33 PGs and 47 PMEs with mature sequences characterized in 
the database. The isoelectric points for the mature sequence of 
each protein were estimated using the publicly available Protein 
Calculator 3.4v.35 Descriptive statistics and appropriate F-tests and 
t-tests were performed in Microsoft Excel. 

Results and Discussion. 

Experimental pH optimum data exists for 13 pathogenic PGs for 
which a characterized mature sequence is known. The theoretically 
determined pIs were compared with their experimentally observed 
pH optima using a paired t-test. Their statistical similarity was at 
the edge of significance (p-value ≈ 0.05) with mean values of 5.3 
for the pIs and 4.8 for the pH optima. Considering that most of the 
experimental reports evaluated activity in 0.5 pH unit increments 
and some at only 1.0 pH unit increments, a mean difference of 
0.5 is encouraging for the validity of this study. Additionally, the 
theoretically computed pIs of the PGs from A. aculeatus agree 
to within 0.5 pH units of their experimentally estimated pIs 
determined through isoelectric focusing reported in the literature,28 
supporting the use of theoretically calculated pIs as reasonable 
estimations for the purpose of this study.

Mean pIs and standard deviations were calculated for each 
group of proteins (Table 1). Plant PMEs were consistently alkaline, 
with a mean pI of just under 9 (8.7 +/- 0.8). When comparing these 
with the pathogenic PMEs, it became immediately apparent that 
the pathogenic PMEs existed in two significantly different pI 
classes, referred to as alkaline (mean pI = 8.7 +/- 0.4) and acidic 

(mean pI = 5.3 +/- 0.7). Interestingly, the pIs of the alkaline 
pathogenic PMEs were similar to the plant PMEs (p-value = 0.60). 
The acidic pathogenic PMEs, on the other hand, were dramatically 
different from either the plant PMEs or the alkaline pathogenic 
PMEs, (p-value = 1x10-32 and 1x10-29, respectively). 

The mean pIs of the plant PGs (7.7 +/-1.0) and pathogenic 
PGs (5.9 +/- 1.3) were also statistically different from each other 
(p-value = 4x10-10) with the pathogenic PGs being significantly 
more acidic. However different, both PG groups demonstrated 
a much larger range of pI values than what was seen among the 
PMEs (Figure 1), further suggesting a different mechanism of pH 
dependence between these two classes of enzymes.  

Considering normal plant metabolism, it is evident that the 
ubiquitous alkaline pH of highly esterified polygalacturonan is 
suitable for the action of the plant’s endogenous PMEs. The action 
of the plant PMEs both frees up portions of deesterified PGA for 
hydrolysis by PGs and lowers the ambient pH to what is likely 
more suitable for the endogenous PGs. Additionally, as the pH 
drops, it is reasonable to expect that the plant PMEs lose activity. 
In this manner, a consequential decrease in pH may provide a sort 
of self-regulation, preventing uncontrolled deesterification by 
endogenous PMEs, which would place the cell wall structure in a 
state of significant vulnerability.

Regarding pathogenesis, it is interesting to note the two very 
different groups of PMEs, acidic and alkaline. Seeing that the 
pathogenic alkaline PMEs have statistically similar pIs to plant 
PMEs, it seems reasonable to conclude that the alkaline PMEs 
provide some phytopathogens with the capability of deesterifying 
otherwise healthy pectin. Furthermore, the pathogenic PGs are 
significantly more acidic than plant PGs, which may suggest the 
need for more acidic PMEs that are capable of continuing the gross 
deesterification and to further drive down the pH for the optimal 
functioning of the pathogenic PGs.

Consequently, the statistical similarity of the plant and 
pathogenic alkaline PMEs and discreetly different pIs of the other 
groups of enzymes suggests a pattern of action for the endogenous 
plant enzymes as well as for the pathogenic enzymes. Healthy 
esterified PGA is processed by endogenous PMEs which properly 
prepares the PGA for the work of plant PGs by both lowering 
the pH slightly and deesterifying the portions of the cell wall. 

Table 1: The mean and standard deviations of each group of PME and PGs are 
shown.

Figure 1: The mean isoelectric point for plant PMEs (solid square), acidic and 
alkaline pathogenic PMEs (solid circle), plant PGs (open square), and pathogenic 
PGs (open circle) are shown with standard deviations indicated with error bars

 PMEs PGs 
 

Plant 
Acidic 

Pathogenic 
Akaline 

Pathogenic Plant Pathogenic 
Number of Proteins 47 32 28 33 58 

Mean pI 8.7 5.3 8.7 7.7 5.9 
Standard Deviation 0.8 0.7 0.4 1.0 1.3 
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Phytopathogens, on the other hand, may possess alkaline PMEs to 
begin deesterification and acidic PMEs to continue preparing the 
PGA for more comprehensive hydrolysis by the acid pathogenic 
PGs leading to the ultimate demise of the plant. 

Future work will include polygalacturonase inhibitor proteins 
(PGIPs) which plants express to slow the action of pathogenic PGs. 
By evaluating the pIs of plant PGIPs, it may be possible to better 
envision at what point during pathogenesis they would begin to 
intervene. There are also a variety of plant derived PME inhibitors 
that may be considered, however, their structures and sequences 
may be too diverse and inconsistent for this methodology to be 
useful. 

References

1.WorldOMeter, 2023, https://www.worldometers.info/world-pop-
ulation/

2. Agriculture Research Service, United States Department of Ag-
riculture, 2022, https://www.ars.usda.gov/oc/dof/food-securi-
ty-how-do-crop-plants-combat-pathogens/

3. Yapo, B.M. Polymer Reviews, 2011, 51, 391-413.
4. Karr, A.; Albersheim, P. Plant Physiology, 1970, 46, 69-80.
5. Cervone, F.; Hahn, M.G.; De Lorenzo, G.; Darvill, A.; Alber-

sheim, P. Plant Physiology, 1989, 90, 542-548.
6. Darvill, A.; Bergmann, C.; Cervone, F.; De Lorenzo, G.; Ham, 

K.; Spiro, M.D.; York, W.S.; Albersheim, P. Biochemical So-
ciety Symposia, 1994, 60, 89-94.

7. Gutierrez-Sanchez, G.; King, D.; Kemp, G.; Bergmann, C. Fun-
gal Biology, 2012, 116, 737-746.

8. King, D.; Bergman, C.; Orlando, R.; Benen, J.A.E.; Kester, 
H.C.M.; Visser, J. Biochemistry, 2002, 41, 10225-10233.

9. Bergmann, C.W.; Stanton, L.; King, D.; Clay, R.P.; Kemp, G.; 
Orlando, R.; Darvill, A.; Albersheim, P. Advances in Pectin 
and Pectinase Research, 2003, 277-291.

10. Kemp, G.; Stanton, L.; Bergmann, C.W.; Clay, R.P.; Alber-
sheim, P.; Darvill, A. Molecular plant-microbe interactions, 
2004, 17, 888-894.

11. Lim, J.M.; Aoki, K.; Angel, P.; Garrison, D.; King, D.; Ti-
emeyer, M.; Bergmann, C.; Wells, L. Journal of Proteome 
Research, 2009, 8, 673-680.

12. Pelloux, J.; Rusterucci, C.; Mellerowicz, E.J. Trends in Plant 
Science, 2007, 12, 267-277.

13. Ren, C.; Kermode, A.R. Plant Physiology, 2000, 124, 231-242.
14. Tieman, D.M.; Handa, A.K. Plant Physiology, 1994, 106, 429-

436.
15. Wang, S.; Lian, Z.; Wang, L.; Yang, X.; Liu, Y. Bioresources 

and Bioprocessing, 2015, 2, 1-13.
16. Abdulrachman, D.; Thongkred, P.; Kocharin, K.; Nakpathom, 

M.; Somboon, B.; Narumol, N.; Champreda, V.; Eurwilaichi-
tr, L.; Suwanto, A.; Nimchua, T.; Chantasingh, D. BMC Bio-
technology, 2017, 17, 1-9.

17. Anand, G.; Yadav, S.; Yadav, D. Biotech, 2016, 3, 1-7.
18. Patidar, M.K.; Nighojkar, A.; Nighojkar, S.; Kumar, A. Cana-

dian Journal of Biotechnology, 2017, 1, 11-18.
19. Andrade, M.V.V.D.; Delatorre, A.B.; Ladeira, S.A.; Martins, 

M.L.L. International Journal of Molecular Sciences, 2011, 
31, 204-208.

20. Dong, Z.; Wang, Z. International Journal of Molecular Scienc-
es, 2015, 16, 7595-7607.

21. Adalberto, P.R.; dos Santos, F.J.; Golfeto, C.C.; Iemma, 
M.R.C.; de Souza, D.H.F.; Cass, Q.B. Analyst, 2012, 137, 
4855-4859.

22. Obafemi, Y.D.; Ajayi, A.A.; Taiwo, O.S.; Olorunsola, S.J.; Isi-
bor, P.O. International journal of microbiology, 2019, 1-9.

23. Silva, D.; Martins, E.D.S.; Silva, R.D.; Gomes, E. Brazilian 
Journal of Microbiology, 2002, 33, 318-324.

24. Pagnonceli, J.; Rasbold, L.M.; Rocha, G.B.; Silva, J.L.C.; 
Kadowaki, M.K.; Simão, R.D.C.G.; Maller, A.  Journal of 
Applied Microbiology, 2019, 127, 1706-1715.

25. Tu, T.; Bai, Y.; Luo, H.; Ma, R.; Wang, Y.; Shi, P.; Yang, P.; 
Meng, K.; Yao, B. Applied microbiology and biotechnology, 
2014, 98, 5019-5028.

26. Rekha, V.P.B.; Ghosh, M.; Adapa, V.; Oh, S.J.; Pulicherla, 
K.K.; Sambasiva Rao, K.R.S. BioMed Research Internation-
al, 2013, 1-12.

27. Anthon, G.E.; Barret, D.M. Food Chemistry, 2012, 132, 915-
920.

28. Cho, S.W.; Lee, S.; Shin, W. Journal of Molecular Biology, 
2001, 311, 863–878.

29. Duvetter, T.; Fraeye, I.; Sila, D.N.; Verlent, I.; Smout, C.; Hen-
drickx, M.; Van Loey, A. Journal of Agricultural Food Chem-
istry, 2006, 54, 7825–7831.

30. Mayans, O.; Scott, M.; Connerton, I.; Gravesen, T.; Benen, 
J.; Visser, J.; Pickersgill, R.; Jenkins, J. Structure, 1997, 5, 
677–689.

3. National Center for Biotechnology Information, National Li-
brary of Medicine, National Institutes of Health, 2023, https://
www.ncbi.nlm.nih.gov/protein.

32. Mansfield, J.; Genin, S.; Magori, S.; Citovsky, V.; Sriariyanum, 
M.; Ronald, P.; Dow, M.; Verdier, V.; Beer, S.V.; Machado, 
M.A.; Toth, I.; Salmond, G.; Foster, G.D. Molecular Plant Pa-
thology, 2012, 13, 614-629.

33. Dean, R.; Van Kan, J.A.L.; Pretorius, Z.A.; Hammond-Kosack, 
K.E.; Di Pietro, A.; Spanu, P.D.; Rudd, J.J.; Dickman, M.; 
Kahmann, R.; Ellis, J.; Foster, G.D. Molecular Plant Pathol-
ogy, 2012, 13, 414-430.

34. Food and Agriculture Organization, United Nations, 2023, 
https://www.fao.org/faostat/en/#data.

35. Protein Calculator version 3.4, 2013, https://protcalc.
sourceforge.net/.


