
Direct evidence for a newmode of plant defense against
insects via a novel polygalacturonase-inhibiting protein
expression strategy
Received for publication, April 23, 2020, and in revised form, June 30, 2020 Published, Papers in Press, July 1, 2020, DOI 10.1074/jbc.RA120.014027

Wiebke Haeger, Jana Henning, David G. Heckel , Yannick Pauchet* , and Roy Kirsch*
Department of Entomology, Max Planck Institute for Chemical Ecology, Jena, Germany

Edited by Gerald W. Hart

Plant cell wall–associated polygalacturonase-inhibiting pro-
teins (PGIPs) are widely distributed in the plant kingdom. They
play a crucial role in plant defense against phytopathogens by
inhibitingmicrobialpolygalacturonases(PGs).PGshydrolyzethe
cellwallpolysaccharidepectinandareamongthefirstenzymesto
be secreted during plant infection. Recent studies demonstrated
that herbivorous insects express their own PG multi-gene
families, raising the question whether PGIPs also inhibit insect
PGs and protect plants from herbivores. Preliminary evidence
suggested that PGIPs may negatively influence larval growth of
the leaf beetlePhaedon cochleariae (Coleoptera:Chrysomelidae)
andidentifiedBrPGIP3fromChinesecabbage(Brassicarapassp.
pekinensis) as a candidate. PGIPs are predominantly studied in
planta because their heterologous expression in microbial
systems is problematic and instability and aggregation of
recombinant PGIPs has complicated in vitro inhibition assays.
To minimize aggregate formation, we heterologously expressed
BrPGIP3 fused to a glycosylphosphatidylinositol (GPI) mem-
brane anchor, immobilizing it on the extracellular surface of
insect cells. We demonstrated that BrPGIP3_GPI inhibited
several P. cochleariae PGs in vitro, providing the first direct
evidence of an interaction between a plant PGIP and an animal
PG. Thus, plant PGIPs not only confer resistance against
phytopathogens, butmay also aid in defense against herbivorous
beetles.

Plantcells areencasedbycellwallsof crosslinkedpolysacchar-
ides that provide protection and structural integrity and
contribute to cell–cell adhesion and signal transduction (1, 2).
Pectin is a complex mixture of galacturonic acid–rich poly-
saccharides, which form a matrix embedding cellulose, hemi-
celluloses, and proteins, and account for;35% of primary cells
walls in dicots and nongraminaceous monocots (1, 3). Poly-
galacturonases (PGs) (EC 3.2.1.15) of the glycoside hydrolase
family 28 (GH28) depolymerize homogalacturonan, the main
componentofpectin (1, 3, 4). PGsare among the first enzymes to
be secreted by phytopathogenicmicroorganisms during coloni-
zation (5–7) andhavebeen showntobe important pathogenicity
factors in fungi (8–11) and bacteria (12, 13). Plants defend
themselves by secreting PG-inhibiting proteins (PGIPs) into
their cell wall to counteract microbial PGs (14–16). Besides

restricting the pectin degradation, inhibition of PGs by PGIPs
favors the formation of oligogalacturonides (17, 18). Both,
oligogalacturonides as well as the PG itself (independent from
its enzymatic activity), elicit plant defense responses (19–21).
Overexpression of PGIPs reduces infection symptoms and
contributes to plant resistance against phytopathogens (22–
24), whereas plants with reduced PGIP levels are more
susceptible to pathogen infestation (25, 26), making PGIPs
interesting candidates in plant protection.
Recently, animal-encoded PGs have also been discovered in

the transcriptomes of phytophagous nematodes (27) and
herbivorous insects (28–32). In piercing-sucking mirid bugs,
PGs excreted from the salivary glands are considered a major
cause of plant damage (33, 34). In chewing herbivores, their
ecological impact remains elusive. The mustard leaf beetle
(Phaedoncochleariae)possessesninePGfamilymembers,which
are specifically expressed in the insect gut (35). Of these, three
were characterized as endo-PGs (PCO_GH28-1, -5, and -9),
which catalyze the random hydrolysis of polygalacturonic acid
(PGA), and one was described as an oligogalacturonase
(PCO_GH28-4), cleaving trigalacturonic acid into dimers and
monomers (30). In a proteomic analysis of P. cochleariae gut
extracts, BrPGIP3 from the beetle’s food plant Chinese cabbage
(Brassica rapa ssp.pekinensis) was detected andhypothesized to
interact with PG family members (35). In contrast to phyto-
pathogens, comparably few studies are available about insect
PG–PGIP interactions. PG activity from protein extracts of
severalmiridbugs(Hemiptera)wasreducedbyPGIPs invitro(33,
36). Semi-purified PGIPs inhibited a PG from Diaprepes
abbreviatus (Coleoptera: Curculionidae) (37). Here, we investi-
gate whether beetle PGs directly interact with and are inhibited
by a plant PGIP in vitro. Thereby, we aim to elucidate if the
PGIPplantdefensesystemnotonlytargetsmicrobialPGsbutalso
influences the pectin digestion of an herbivorous beetle.
In general, using extracts fromnative or PGIP-overexpressing

plants is the commonly preferred way to study PG inhibition by
PGIPs (15, 16). There are well-established methods to express
PGIPsinmodelplantssuchasArabidopsisthaliana (23,38,39)or
Nicotiana benthamiana (33, 40, 41). Several studies report the
expression of various PGIPs in nonmodel plants aswell (41–45).
Although plant-based systems offer high success rates for PGIP
expression, there are also some disadvantages: Even for plants
with established transformationmethods, the creation of stable
lines is laborious and it takes several months until plants are
available for experiments (46). Furthermore, PGIPs are ubiqui-
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tously distributed among the plant kingdom (15); reports range
from2inthefrequentlyusedmodelplantA.thaliana (23) to16in
Brassica napus (47). Screening the genome for homologues ofB.
napus PGIPs indicates that B. rapa ssp. pekinensis possesses at
least 9 putative PGIPs (48). This ever-present background of
PGIPsofmostlyunknownoruncharacterized inhibitoryproper-
ties harbors the potential of unwanted and unpredictable
influences of these proteins. Thus, heterologous expression in
andpurificationfromaPGIP-freeorganismwouldbedesirableto
study the effect of single PGIPs on individual PGs.
Microbial expression systemsarePGIP-free and fast-growing,

can be scaled to the respective needs, and are usually high-
yielding.However, studies onheterologous expressionof PGIPs,
apart from in planta, are scarce and limited to few candidate
proteins. SomePGIPswere successfully expressed inEscherichia
coli (39, 42, 44, 49), whereas other studies report on their
accumulation into inclusion bodies (14, 50). When studying
novel PGIPs, assessment of whether renaturation restores the
native function is difficult, because the target PG is unknown.
Yeast expression circumvents inclusion bodies and takes
posttranslationalmodificationsof the in vivoglycosylatedPGIPs
(14, 22, 51) into account. Nevertheless, it is used even more
rarely for PGIP production. Bashi et al. (38) expressed one
PGIP from B. napus, but reported difficulties for several
others. In 2001, De Lorenzo et al. (14) even went so far as to
rate yeast or other fungal expression systems as “unsuitable
for PGIP expression,” as no protein could be detected despite
high levels of transcripts. It took 10 years until they finally
found a way to express enough protein to solve the X-ray
structure of PvPGIP2 from the bean Phaseolus vulgaris in a
complex with the fungal FpPG from Fusarium phyllophilum
(52). The difficulty of expressing other PGIPs has resulted in
PvPGIP2 being a very well-studied protein (53–56) that is
often used in PGIP assays (33, 36, 57–59). However, which
properties enable the expression and increased stability
compared with other PGIPs in vitro is unknown.
Similar to other PGIPs, BrPGIP3 from B. rapa ssp. pekinensis

turnedouttobeverychallengingtoexpress invariouscell culture
systems in our hands. In this study, we ascribed these difficulties
to protein aggregation. Nonetheless, to investigate this promis-
ingcandidate forbeetlePG inhibition,wedevelopedamethod to
circumvent BrPGIP3 aggregation. Fusion of BrPGIP3 to a
glycosylphosphatidylinositol (GPI) membrane anchor, and
thereby immobilization on the extracellular surface of the
expressing cells, reduced protein–protein interactions and
minimized the probability to form aggregates. Our new
expression method considerably enhanced the stability of
BrPGIP3_GPI compared with the soluble BrPGIP3 and
enabled us to characterize this otherwise unstable protein.
In in vitro assays, BrPGIP3_GPI directly interacted with and
inhibited several PGs from the beetle P. cochleariae. We
provide the first example of a direct interaction between an
animal PG and a plant PGIP. Our findings indicate that plant
PGIPs do not only confer resistance against phytopathogenic
microorganisms, but also may play a role in plant defense
against herbivorous beetles.

Results

GPI anchorage enhances BrPGIP3 stability

BrPGIP3 isunstableasa solubleprotein (Fig.1A).Expressed in
yeast, we detected BrPGIP3 on the day of harvest in the culture
medium, but the signal on the Western blotting drastically
decreased after 1 day at 4°C and was undetectable after thawing
thesampleonce from220°Cstorage (Fig.2A).Comparingsignal
intensities of corresponding samples betweenWestern and dot
blot demonstrated that BrPGIP3 was not degraded during
storage. Instead, this indicated that BrPGIP3 aggregated in the
culturemedium as well as after purification despite the addition
of stabilizing agents (Fig. S1). Because of its instability, BrPGIP3
could not be used in subsequent activity assays.
To prevent aggregation by minimizing protein–protein con-

tacts through spatial separation, we immobilized BrPGIP3 as a
GPI anchor fusion protein in the plasmamembrane of Sf9 insect
cells (Fig. 1, B and C). We detected BrPGIP3_GPI in membrane
preparations for at least 7 days at 4°C and after multiple freezing
and thawing cycles (Fig. 2B). The bands below 35 kDa result from
unspecific binding of the anti-myc antibody to Sf9 cell membrane
proteins (Fig. 2B and Fig. S2). The detection of bands of higher
molecularweightforBrPGIP3_GPIbutnotBrPGIP3indicatedthat
aggregationwasreducedtothepoint thatproteinprecipitateswere
small enough to run in the gel matrix of the SDS-PAGE (Fig. 2).
Thus, comparedwith the soluble BrPGIP3,membrane anchorage
greatly enhanced the stability of BrPGIP3_GPI, which allowed for
the use of BrPGIP3_GPI in follow-up assays.

PvPGIP2_GPI inhibits fungal PGs

To exclude an influence of the GPI anchor or the membrane
immobilization itself on PGIP activity, we used the well-studied
interaction of PvPGIP2 with FpPG for proof of concept
experiments. We enzymatically released PvPGIP2_GPI from

Figure 1. Simplified schematic representation of heterologously ex-
pressed PGIPs and PGs. A, mature, soluble PGIP expressed in the yeast
Kluyveromyces lactis. B, immature, pre-processed PGIP_GPI expressed in Sf9
insect cells. C, mature, membrane-anchored PGIP_GPI expressed on the
extracellular surface of Sf9 insect cells. D, soluble PGIP_GPI after release from
themembranebyPI-PLCtreatment.E,mature,solublePGexpressedintheyeast
Pichia pastoris. For detailed sequences see supporting information 2. SP, signal
peptide for extracellular localization; myc, His6 and V5, protein tags for
immunoblot detectionorpurification;GPI SP, GPI attachment signal peptide; S,
15-amino-acid spacer; omega site, GPI attachment site.
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the plasma membrane using a phosphatidylinositol-specific
phospholipase C (PI-PLC) for interaction assays with FpPG to
investigate whether the additional amino acid residues of
PvPGIP2_GPI (Fig. 1D) resulting from the GPI anchor signal
peptide fusion negatively influenced the binding to FpPG (Fig.
1E). As expected, a band the size of the combined molecular
weight of FpPG and PvPGIP2_GPI appeared on aWestern blot,
when theproteinswere crosslinkedwith formaldehyde (Fig. 3A).
In contrast, such bands were not detected when formaldehyde
was omitted from the assay or in control samples such as
membrane preparations of WT cells as well as single protein
incubations. We verified the PGIP-PG complex with separate
antibodies labeling the PGIP and the PG (Fig. S3), further
supporting a specific binding interaction of PvPGIP2_GPI with
FpPG. This showed that theGPI anchor fusion of PvPGIP2_GPI
did not interfere with the ability to bind FpPG. To test whether
the immobilization to the plasma membrane itself interfered
withPGIP activity, PG inhibition assayswere performeddirectly
with membrane preparations without prior release of
PvPGIP2_GPI from the membrane (Fig. 1C). PvPGIP2_GPI–
containing membrane proteins inhibited FpPG in a concentra-
tion-dependentmanner, significantly reducingPGactivity up to
83% compared withWTmembrane proteins (Fig. 3B and Table
S1). Hence, membrane anchorage did not interfere with the
inhibitory activity of PvPGIP2_GPI.
To validate our method and assess its more general applic-

ability, we applied it to another fungal PG (AnPGII from
Aspergillus niger) (Fig. 1E), for which a binding interaction as
well as an enzyme inhibition has been reported previously (36,
40). With our interaction assay, we detected the AnPGII-
PvPGIP2_GPI complex with separate antibodies against PG
andPGIP, indicatingadirectandspecificbinding invitro (Fig. 3C
and Fig. S3). Furthermore, AnPGII enzyme activity was
completely inhibited by membrane-anchored PvPGIP2_GPI in
a concentration-dependentmanner (Fig. 3D).
These proof of concept experiments not only demonstrated

that the fusion to a GPI anchor did not interfere with the

inhibitory activity of PvPGIP2_GPI but also indicated that GPI-
anchored PGIPs could be used to study novel PG-PGIP
interactions in general.

BrPGIP3_GPI inhibits P. cochleariae PGs and beetle gut PG
activity

Applying our method to the comparatively unstudied field of
beetlePGinhibition,weinvestigatedtheimpactofBrPGIP3_GPI
on all PG family members expressed by P. cochleariae (Fig. 1E).
Binding interaction assays revealed bands of the combined
molecular weight of soluble BrPGIP3_GPI (Fig. 1D) and
PCO_GH28-1, -4, or -9 with antibodies binding the PG (Fig. 4,
AandE, andFig. S4)or separateantibodies labelingPGandPGIP
(Fig. S4), demonstrating specific binding of BrPGIP3_GPI to
these beetle PGs. In contrast, we found no such binding of
BrPGIP3_GPI to the other tested PG family members, because
bands of the combinedmolecular weight were either not visible
(PCO_GH28-2, -3, and -8) or obscured by strong background
signals (PCO_GH28-5 and -6) (Fig. 4C and Fig. S4).
We tested the inhibitory activity of BrPGIP3_GPI (Fig. 1C)

againstallP.cochleariaeendo-PGs,PCO_GH28-1,-5,and-9.We
were unable to reliably quantify the activity of the oligogalactur-
onase PCO_GH28-4 and therefore could not measure its
potential inhibition by BrPGIP3_GPI. The membrane prepara-
tion from WT Sf9 cells inhibited galacturonic acid release in a
concentration-dependent manner, and even greater specific
inhibition was seen on some of the PGs by preparations with
BrPGIP3_GPI. PCO_GH28-1 was specifically inhibited up to
51% (Fig. 4B andTable S1), PCO_GH28-9 up to 22% (Fig. 4F and
Table S1), and, surprisingly, the activity of PCO_GH28-5 was
specifically reduced up to 18% even thoughwe could not clearly
showan interactionof the latterwithBrPGIP3_GPI (Fig. 4,Cand
D, andTable S1). Interestingly, the additional specific inhibition
of PCO_GH28-5 and -9 by BrPGIP3_GPI did not correlate with
the amount of BrPGIP3_GPI added.
Overall, BrPGIP3_GPI exhibited binding interactions with

PCO_GH28-1, -4, and -9 and reduced the activity of all P.

Figure 2. Stability of membrane-anchored BrPGIP3_GPI is considerably enhanced compared with soluble BrPGIP3. A and B, culture medium from (A)
BrPGIP3-expressingyeast and (B)membranepreparationsof Sf9 insect cellswithmembrane-anchoredBrPGIP3_GPIwere stored for7days at 4°C and220°C. The
220°C samples were repeatedly thawed and frozen on days 1, 3, 5, and 7 (tf). Equal volumeswere applied onto aWestern blot and the proteins of interest were
detected with (A) an anti-His6 and (B) an anti-myc antibody. Arrows indicate the expected size of BrPGIP3 and BrPGIP3_GPI, respectively.
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cochleariae endo-PGs.This is the first study showing that aplant
PGIP directly interacts with and inhibits PGs of animal origin.
P. cochleariaePGs are specifically expressed in the gut and are

responsible for thebeetle gutPGactivity (35, 60).Weusedbeetle
gut protein extracts to test if a single PGIP not only inhibited the
individual endo-PGs, as we have shown above, but also could
have a negative effect on the pectin digestion in the beetle gut in
general. BrPGIP3_GPI–containing membrane proteins signifi-
cantly inhibited thegutPGactivityupto33%comparedwithWT
membrane proteins (Fig. 5 and Table S1). This study not only
provides evidence that BrPGIP3_GPI is a versatile inhibitor ofP.
cochleariae PGs, but also that a single plant PGIP may be
sufficient to significantly decrease PG activity in the gut of a leaf
beetle.

Discussion

Overcoming challenges in leucine-rich repeat (LRR) protein
expression

Because PGIPs, like other LRR proteins, are challenging to
express, we developed a novel method to enhance protein
stability.Withthis,wecouldshowforthefirst timethatananimal
PG directly interacted with and was inhibited by a plant PGIP.
RecombinantBrPGIP3 aggregatedquickly andcouldnot even

be used from frozen aliquots. Several of the difficulties we
encountered when expressing BrPGIP3 are mirrored in the
literature. Interestingly, studies about not only the expression of
PGIPs but also various other LRR proteins are studded with

reports of “difficulties in producing recombinant LRR proteins
in yields sufficient for biochemical analysis” (61). The proteins
weregenerallynotexpressed(14,38),accumulatedintoinclusion
bodies (14, 62), occurred in very low yields (38), or were simply
unstable (63–65). Challenges have been partially overcome for
individual proteins with alternative solutions. The extracellular
domains of a human (Homo sapiens) LRR kinase or a zebrafish
(Danio rerio) Toll-like receptor (TLR) could be kept in solution,
when supplemented with certain detergents (65) or the natural
ligand(64), respectively.Thefusionof truncatedfragmentsof the
proteins of interest with stable flanking modules from another
LRR protein stabilized several TLR LRR domains of various
animal origins (64, 66, 67).
Expressionsystems that secrete recombinantproteins into the

culture medium are suitable for naturally soluble, extracellular
proteins. PGIPs, however, are bound to the plant cell wall upon
secretion into theapoplast (55,68) andarenot freebut imbedded
in the insoluble polysaccharidematrix (69, 70). Our approach to
immobilizeBrPGIP3_GPI above the plasmamembranenot only
mimics thenatural cellwall associationmore accurately, butalso
minimizes protein–protein contacts and thereby the probability
to form aggregates. Indeed, compared with soluble BrPGIP3,
membrane-anchored BrPGIP3_GPI showed a considerably
increased stability, allowingus to study anotherwise aggregating
LRR protein. Interestingly, in contrast to PGIPs, plant-encoded
inhibitors of fungal cell wall–modifying pectin methylesterases
arenaturallyGPIanchored(71).Furthermore,bychoosingalipid

Figure 3. Both fungal PGs, FpPG and AnPGII, specifically bound to and inhibited by PvPGIP2_GPI in a concentration-dependent manner. A and C,
membraneproteinsfromPvPGIP2_GPI-expressingaswellasWTSf9cellswereincubatedwith(A)FpPGaswellas(C)AnPGIIandcrosslinkedwithformaldehyde(FA).
The PGs were detected in a Western blotting with an anti-V5 antibody. Arrows indicate the expected size of PG (closed arrowhead) and PG-PGIP complex (open
arrowhead), respectively.BandD, forinhibitionassays,membranepreparationswereincubatedwith(B)FpPGand(D)AnPGIIandtheactivitywasquantifiedbyDNS
assay.Statisticaldifferenceswereanalyzedbetweencorrespondingsamplesofequalamountsof totalmembraneproteins (n=3, fordetailedvaluesseeTableS1).
Error bars represent S.D. Note that panels A and C are also presented in Fig. S3 to allow for a direct comparisonwith aWestern blot using the anti-myc antibody.
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anchoroverotherpossibilitiesofmembrane immobilization(e.g.
transmembranedomain),onlya fewaminoacidsareaddedtothe
protein of interest, reducing the risk of unpredictable influences
on protein folding and activity (72–74). As an additional
advantage, membrane fractions containing recombinant pro-
teins can be pelleted by centrifugation, allowing for rapid
pulldownofproteincomplexesaswell asaneasybufferexchange
and protein concentration adjustment. In case the membrane
itself interferes with the assay conditions, theGPI anchor can be
cleaved with commercially available enzymes, allowing for a
convenient release of the protein directly into the assay buffer.

Proof of concept validates inhibitory activity of aGPI-anchored
PGIP

As a proof of concept as well as to investigate a potential
interference of the GPI anchorage with binding and inhibi-
tion, we tested our method on the well-studied interaction of
PvPGIP2 with FpPG. Soluble as well as membrane-anchored,

PvPGIP2_GPI specifically interacted with and inhibited FpPG,
respectively. This is in agreementwith the literature (36, 52) and
demonstrates that neither the additional amino acids nor the
immobilization in the membrane impairs the formation of the
PvPGIP2_GPI-FpPGcomplex.Todemonstrate that ourmethod
is applicable for more than this “gold standard” of PG-PGIP
interaction, we tested PvPGIP2_GPI with another fungal PG,
AnPGII. PvPGIP2_GPI bound to and completely inhibited
AnPGII, which is in agreement with previous findings (36, 40).
Forboth fungalPGs,FpPGandAnPGII,PvPGIP2_GPIretained its
binding and PG-inhibiting activity despite the fusion to the
membraneanchor.ThismakesGPI-anchoredPGIPsasuitableand
convenient system to identify novel PG-PGIP interactions in vitro.

Plant PGIPs may play a role in the defense against herbivorous
beetles

Although PG inhibition is well-studied for phytopathogenic
microorganisms, comparably few studies address the impact of

Figure4. Bindingand inhibitionassaysofP. cochleariaePGsPCO_GH28-1, -5, and -9withBrPGIP3_GPI.A,C, and E,membraneproteins fromWTaswell as
BrPGIP3_GPI-expressing Sf9 cells were incubated with (A) PCO_GH28-1, (C) -5, and (E) -9 and crosslinked with formaldehyde (FA). The PGs were detected in a
Westernblotwithananti-V5antibody.Arrows indicatetheexpectedsizeofPG(closedarrowhead)andPG-PGIPcomplex (openarrowhead), respectively.B,D, andF,
membranepreparationswere incubatedwith (B) PCO_GH28-1, (D) -5, and (F) -9andtheactivitywasquantifiedbyDNSassay.Statisticaldifferenceswereanalyzed
betweencorrespondingsamplesofequalamountsof totalmembraneproteins (n=3)(fordetailedvaluesseeTableS1).Errorbars representS.D.NotethatpanelsA,
C, and E are also presented in Fig. S4 to allow for a direct comparison with aWestern blot using the anti-myc antibody.
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PGIPs on herbivores. Mechanistically, these systems differ
considerably. Bacteria and fungi secrete PGs directly into the
apoplast to initiate cell wall maceration. Thus, it has been
demonstratedmultiple times that incorporation of PGIPs in the
cellwall confers resistance tophytopathogens (14–16).Piercing-
sucking herbivores excrete PGs from their salivary glands and
penetrate the plant tissuewith theirmouth parts (27, 33, 34). PG
activity of several crude protein extracts from piercing-sucking
miridbugswas inhibitedbyPvPGIP3and-4 invitro (33, 36). InA.
thaliana, AtPGIP1 has been shown to attenuate root infections
bytheherbivorousnematodeHeteroderaschachtii invivo (75). In
chewing herbivores, however, PGs encounter the plantmaterial
when the food bolus passes through the digestive tract.
Accordingly, to be effective against their pectinolytic enzymes,
plant PGIPs need to withstand degradation in the gut environ-
ment and indeed, in proteomic analyses, PGIPs have been
detected inbeetlegutcontents (35).Thus, it isnot surprising that
preliminary evidence suggests that these robust inhibitory
proteins may be involved in defense against chewing insects as
well. A PG fromD. abbreviatus (Coleoptera, Curculionidae)was
inhibited by a semi-purified PGIP from orange peels (37). In
mung bean (Vigna radiata), resistance to seed beetles (Calloso-
bruchusspp.)wasassociatedwithgenesencodingputativePGIPs
(76,77).FeedingassaysonA.thalianarevealedthefirstecological
relevance of PGIPs for herbivorous beetles, as the fitness of P.
cochleariaecorrelatedwiththePGIPcompositionofthediet(78).
Previously, the P. cochleariae PGs PCO_GH28-1 and -9 have

been foundtoco-elutewithBrPGIP3 ina fractionatedseparation
of the beetle’s gut contents (35). With our method, we directly
confirm invitro, that this co-elution is indeed theconsequenceof
an interaction in vivo.Wealsodetected anadditional interaction
of the oligogalacturonase PCO_GH28-4 with BrPGIP3_GPI.
Furthermore, BrPGIP3_GPI significantly inhibited all P. co-
chleariae endo-PGs (PCO_GH28-1, -5, and -9). PCO_GH28-5
was inhibited, even though detection of a possible complex with
BrPGIP3_GPI was obscured by high background signals in the

assay. Instead of the PGIP binding to the pectolytic enzyme,
inhibition could be explained by PGIP binding to the substrate,
shielding it fromdegradationwithout direct contactwith thePG
(55, 68). For example, VvPGIP1 from grapevine (Vitis vinifera)
limited fungal infection symptoms without evidence for an in
vitro interaction (79). Our results with tagged recombinant
proteins fromPGIP-free expression systems clearly show for the
first time that a plant PGIP directly interacts with and inhibits
several PGs of animal origin.
In our inhibition assays, PCO_GH28-1 was clearly more

affected by BrPGIP3_GPI than PCO_GH28-5 and -9. This
differential inhibition of beetle PGsmatches previous reports on
phytopathogensthatonePGIPmaynotbesufficienttoeffectively
inhibit all PGs of a single organism. For example, VvPGIP1
inhibited some, butnot all fungal PGs fromBotrytis cinereaorA.
niger (79, 80). Like PGs, PGIPs belong to large multi-gene
families, which are believed to have been shaped by an
evolutionary arms race (81). Specificity of PG-PGIP interaction
is maintained by a few positively selected hot spots (16, 81). The
exchange of a single amino acid in either the PGIP or PG can
suffice to enable a novel recognition or evade an existing
interaction(40,53).AnexpansionofPGsmayfacilitatenotonlya
more effective pectin digestion, but also a strategy to evade
inhibition. PGIPs, on the other hand, possess different specifi-
cities toward PGs. This ismost pronounced inP. vulgaris, where
not only individual inhibitory activities of PvPGIPs toward
various fungal PGs were demonstrated (33, 36), but also a
subfunctionalization against fungi and insects. PG activity of
several mirid bugs was reduced by PvPGIP3 and -4, but was
unaffected by PvPGIP1 and -2 (33, 36).
Includingourstudy,onlytwoofnineBrPGIPsfromB.rapassp.

pekinensis have been investigated so far. Overexpression of
BrPGIP2 increased plant resistance against Pectobacterium
carotovorumssp.carotovorumandcrudeplantextracts inhibited
a PG from this phytopathogenic bacterium (41). Here, we
demonstratedthatBrPGIP3_GPIisaversatile inhibitorofseveral
beetlePGs.Theinhibitionspectrumismirroredintheregulation
ofgeneexpression,asBrPGIP2,butnotBrPGIP3,was inducedby
bacterial infectionofB. rapa ssp.pekinensis (41).BrPGIP2and -3
show 99% sequence similarity with their orthologues BnPGIP2
and-3 in theclosely relatedB.napus. Similarly,BnPGIP2wasup-
regulated upon fungal infection, whereas BnPGIP3 was un-
responsive to this treatment (47).This suggests thatnotonly inP.
vulgaris but also in these Brassicaceous plants, a subfunctiona-
lization of PGIPs against phytopathogenes and insects has
evolved. In future studies,weaim tocharacterize the specificities
and inhibitory activities of the remaining BrPGIPs, especially
toward P. cochleariae PGs. Because PCO_GH28-5 and -9 were
less susceptible toBrPGIP3_GPI thanwasPCO_GH28-1,wewill
investigate whether any of the other BrPGIPs specifically target
these PGs, or whether their expression enables the beetle to
counteract inhibition by PGIPs.
The total PG activity and hence overall pectin digestion of the

beetle gut was significantly reduced by BrPGIP3_GPI in vitro.
Our study demonstrates that a single PGIP is sufficient to
negatively affect pectin digestion in an herbivorous beetle.
Previous feeding assays onA. thaliana also revealed an impact of
plant PGIPs onP. cochleariae. PG activity aswell as larvalweight

Figure 5. BrPGIP3_GPI inhibited PG activity in the gut of P. cochleariae.
MembranepreparationsofWTaswellasBrPGIP3_GPI-expressingSf9cellswere
incubated with P. cochleariae gut content and the activity was quantified by
DNS assay. Statistical differences were analyzed between the corresponding
samples of equalmembrane proteins (n= 3) (for detailed values see Table S1).
Error bars represent S.D.
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gainwas reduced if two insteadof onlyoneAtPGIPwere present
in the food plant (78). Thus, PGIPs are not only important in
defendingplantsagainstphytopathogenicbacteriaandfungi,but
mayalsoplaya role in theprotectionagainstherbivorousbeetles.
In general, beetle performance depends on the food plant

species andquality (82, 83).BecausePGIPprofilesdifferbetween
plants and each PG-PGIP interaction is unique, predicting the
impact of certain PGIPs in vivo is difficult. Whereas a single
AtPGIP influenced P. cochleariae performance on the model
plant A. thaliana (78), the beetle pectinolytic system has been
shown tobe robustwhen feedingonB. rapa ssp.pekinensis. Even
a major reduction of PG activity in the gut did not significantly
impair beetle fitness (60). Despite the impact of PGIPs that our
study and Kirsch et al. (78) demonstrated, the gut content of P.
cochleariae feeding on B. rapa ssp. pekinensis as well as A.
thaliana still retains some residual PG activity (35, 60, 78). This
suggests that P. cochleariae has adapted to the PG-inhibiting
defenses of its food plants in vivo. Adaptation of the beetle to the
PGIP composition of its diet may occur through the aforemen-
tioned expansion and subfunctionalization, whichmay have led
to the evolution of PGs escaping or being less sensitive to
inhibition by PGIPs. Furthermore, catalytically inactive PG
family members (pseudoenzymes) may help to maintain total
beetle PG activity. RNAi-mediated knockdown in P. cochleariae
demonstrated that they play an important role in the pectin
digestion pathway (60). They have been hypothesized to bind
PGIPs as “decoys,” thereby protecting the active enzymes from
inhibition (35). Here, we did not observe an interaction of
BrPGIP3_GPIwiththosepseudoenzymes,butmanymorePGIPs
remain to be studied in B. rapa ssp. pekinensis. Our system now
offers the possibility to test all these various combinations of
inactive and active PG family members with PGIPs in vitro to
elucidatetherole thesepseudoenzymesplay inthebeetle’spectin
digestion pathway.Moreover, testing these interactions system-
atically will provide an exhaustive picture of how plant PGIPs
interfere with pectin degradation in the beetle and how this has
affected both enzymes and inhibitors in the course of evolution.
In conclusion, we have developed a novel method to stably

express a PG-inhibiting protein from a plant by reducing its
tendency to aggregate, anddemonstrated for the first time that a
plant PGIP directly interacts with and is a versatile inhibitor of
beetle PGs. Our study provides evidence that PGIPs not only
confer resistance against phytopathogenic microorganisms but
mayalsobeinvolved inplantdefenseagainstherbivorousbeetles.
In future studies,we intend toelucidate the impact ofotherplant
PGIPsonP. cochleariae andhowpectindigestion inherbivorous
insects and the defensive plant PGIP system have co-evolved.

Experimental Procedures

Expression of PGs in P. pastoris and Sf9 insect cells

The ORFs of FpPG (plasmid kindly provided by Felice
Cervone, Sapienza University of Rome, Italy) and AnPGII were
cloned into vectors pIB/V5-His-TOPO®TAorpMIB/V5-His B,
respectively, to attach a C-terminalHis6 andV5 epitope. During
the subsequent cloning into the yeast expression vector pPICZa
A, the native signal peptides were replaced by the vector’s
secretion signal peptide (identification of signal peptides by

SignalP 4.1) (84). All vectors were from Thermo Fischer
Scientific. Constructs were verified by sequencing. The fungal
PGs (including the His6 and V5 epitope) were expressed in the
yeast P. pastoris according to themanufacturer’s instructions of
the EasySelectTM Pichia Expression Kit (Thermo Fischer Scien-
tific). Differing from this protocol, the BMGY pre-culture was
inoculated from a dense 5 ml BMGY culture instead of a single
colony to be able to accurately calculate the growth, because a
precise A600 was essential for expression success. The expression
was induced approximately every 12 h with 1% methanol. The P.
cochleariaePG familymembers PCO_GH28-1, -2, -3, -4, -5, -6, -8,
and -9were transiently expressed inSf9 insect cells in 6-well plates
(2 wells per construct) and dialyzed against H2O as described
previously (30). Aliquots of culture medium were used for
interaction assays and dialyzed samples for inhibition assays.
Protein expression was verified byWestern blots using antibodies
against the His6 or V5 tags, and PG activity was detected by an
agarose diffusion assay as described previously (35), using
demethylated PGA (1% w/v in H2O, P-PGACT, Megazyme Ltd.,
Ireland).

Purification of PGs

PurificationofPGs fromyeast culturemediumwasperformed
according to themanufacturer’s instructions for batch purifica-
tion using HisPurTM Cobalt Resin (Thermo Fischer Scientific).
Theelution fractionswerepassedover theresinmultiple timesto
enhance the yield per fraction and subsequently concentrated
and desalted with Amicon® Ultra Centrifugal Filters (Merck
KGaA). Protein concentrations were determined by Quick
StartTM Bradford Protein Assay (Bio-Rad Laboratories) and PG
activity by agarose diffusion assay (see above).

Expression of BrPGIP3 in Kluyveromyces lactis

The ORF of BrPGIP3 (Bra005919 in EnsemblPlants (48), for
full sequence see supporting information 2) was cloned into
pPICZa A (Thermo Fischer Scientific) to attach a C-terminal
His6 andmyc epitope. There and during the subsequent cloning
into theyeastexpressionvectorpKLAC2(NewEnglandBiolabs),
the native signal peptide was replaced by the vectors’ secretion
signalpeptides(identificationofsignalpeptidesbySignalP4.1(84)).
Constructs were verified by sequencing. BrPGIP3 (including the
His6andmycepitope)wasexpressedintheyeastK.lactisaccording
to the manufacturer’s instructions of the K. lactis Protein
Expression Kit (New England Biolabs). Expression was verified by
Western blotting using antibodies against theHis6 ormyc tag.

Construction of pMIB/V5_GPI plasmid

For the expression of membrane-anchored proteins in Sf9
insect cells, the vector pMIB/V5-His A (Thermo Fischer
Scientific) was modified to attach the genes of interest (GOIs)
toaGPIanchor.PredGPI(85)wasusedforGPIanchorprediction
of an insect aminopeptidase N (AY358034.1) (86). The GPI
anchor transmembrane domain, omega site and 15 upstream
amino acids (spacer) were amplified fromHelicoverpa armigera
cDNA. RNA isolation and cDNA synthesis was performed as
described previously (87). The PCR product was inserted in the
BamHI/NotI restriction site of the vector’smultiple cloning site.
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The restriction sites upstreamofBamHIwere retained, allowing
for insertion of GOIs (seamless, if using the BamHI restriction
site). Constructswere verified by sequencing. For a full sequence
of pMIB/V5_GPI see supporting information 3.

ExpressionofPvPGIP2_GPIandBrPGIP3_GPI in stableSf9 insect
cell lines

The ORFs of PvPGIP2 (plasmid kindly provided by Felice
Cervone, SapienzaUniversity of Rome, Italy) and BrPGIP3were
cloned into pPICZa A as described above and the GOIs
(including the His6 and myc epitope) were fused to the GPI
anchor signal peptide sequence in pMIB/V5_GPI. During
protein biosynthesis, the GPI signal peptide is removed and the
nascent protein of interest is transferred to the C-terminally
attached GPI membrane anchor (88). For full amino acid
sequences for BrPGIP3 and BrPGIP3_GPI pre- and post-
processing, see supporting information 2. Constructs were
verified by sequencing. Stable monoclonal Sf9 cell lines expres-
singBrPGIP3_GPIwerecreatedasdescribedpreviouslyusingthe
cloning cylinder method and 50 mg/ml blasticidin S (Thermo
Fischer Scientific) for selection (87). Stable polyclonal Sf9 cell
lines expressing PvPGIP2_GPI were selected with 80 mg/ml
blasticidin S as described previously (30). Both cell lines were
maintained inSf-900 II SFM(ThermoFischer Scientific)with 10
mg/ml blasticidin S and protein expression was confirmed by
Western blotting using antibodies against the His6 or myc tags.

Sf9 cell membrane preparation

The Sf9 cell membrane fractions were isolated by differential
centrifugation. Strict handling of the samples on ice was of
importance here, because the GPI-anchored proteins can be
released fromthemembraneatelevatedtemperatures (89).After
harvesting, the cells werewashedwith 13 PBS twice (5003 g, 4°
C) and subsequently lysed with a Dounce homogenizer in
hypotonic buffer (20 mM Tris-HCl pH 7.5, 5 mM EDTA, 1 mM

DTT). Sucrose buffer was added (hypotonic buffer with 0.5 M

sucrose) in a 1:1 ratio and nuclei and intact cells were pelleted by
centrifugation(12003 g, 4°C).Centrifugationof thesupernatant
(10,000 3 g, 4°C) pellets the membrane fraction, which was
washed with 40 mM citrate phosphate buffer, pH 5.0, to remove
soluble proteins. Aliquots in 40mM citrate phosphate buffer, pH
5.0, were stored at 220°C until further use. The expression of
proteins of interest and their localization in the membrane
fractionwasverifiedbyWesternblotting.Proteinconcentrations
were determinedbyQuickStartTMBradfordProteinAssay (Bio-
Rad).

Stability and aggregation test

To test the stability of expressed proteins, aliquots of the same
proteinsolutionwerestoredat4°Cforupto7days.Daily,samples
were frozen in SDS-PAGE buffer. Additionally, aliquots were
stored at 220°C for up to 7 days and cumulatively thawed and
refrozenondays 1, 3, 5, and 7, freezing it in SDS-PAGEbuffer on
the last day.Hence, this resulted inone for theday1 anda total of
four times thawing and freezing for the day 7 sample. Soluble
protein abundance was monitored byWestern blotting. To test
for protein aggregation, equal volumes of the same protein

sample were applied to produce both a Western blot and a dot
blot. Equal treatment of both membranes and detection of the
luminescence signal on a single film allowed for a comparison of
signal intensities.Asignal isabsent frombothblots if theproteins
are degraded. If theproteins formaggregates that are too large to
be separated by SDS-PAGE but that can be blotted onto the
membrane, theywillbevisible in thedotblotbutnot theWestern
blot. As a reference, a stable soluble protein (PCO_GH28-1)was
applied onto both theWestern and the dot blots.

Western blot and dot blot

For the Western blot, protein samples in SDS-PAGE buffer
(13 XT Sample Buffer, 13 XT Reducing Agent, 1% SDS) were
boiled for 5 min and separated on CriterionTM XT Bis-Tris
PrecastGels (125Vfor1.5h inXTMESRunningBuffer) (all from
Bio-Rad). The PageRuler Plus Prestained Protein Ladder
(ThermoFischer Scientific)was used as a size standard. Proteins
wereblottedontoanImmun-BlotPVDFMembrane(Bio-Rad)at
100 V for 30 min. For dot blots, equal volumes of untreated
protein sampleswere spotted onto activated Immun-Blot PVDF
Membrane in 5 ml steps. After evaporation of the liquid, the
membranes were treated analogous to the Western blotting
membrane.Bothmembraneswereblockedwith5%milkpowder
inTBSTatroomtemperature (RT) for1handincubatedwith the
respective antibody at 4°C overnight. A 1:5000 dilution of anti-
His(C-term)-HRP antibody (no. R931-25), 1:20,000 anti-V5-
HRPantibody(no.R961-25,bothInvitrogenandThermoFischer
Scientific) or 1:1000 and 1:300,000 anti-myc-HRP antibody (sc-
40 HRP, Santa Cruz Biotechnology, Inc. and A190-104P, Bethyl
Laboratories, Inc., Montgomery, TX, USA) was used in 5%milk
powder in TBST, respectively. Chemiluminescence of the
SuperSignalTM West Dura Extended Duration Substrate Kit
(Thermo Fischer Scientific) was documented with Amersham
Biosciences Hyperfilm DCL chemiluminescence films (GE
Healthcare Life Sciences), GBX Developer and Replenisher,
and GBX Fixer and Replenisher (both Kodak).

Interaction assay PG-PGIP

TheGPI-anchored PGIPs (BrPGIP3_GPI and PvPGIP2_GPI)
were released from themembrane by cleavage of theGPI anchor
byaPI-PLC(P6466,ThermoFischerScientific). 0.2unitsPI-PLC
were added to 226 mg totalmembrane proteins and incubated at
RT (21°C) for 1 h. Centrifugation (10,000 3 g, 30 min, 4°C)
separated soluble proteins from themembrane fraction and the
supernatant was used for further assays. The interaction of
PGIPswith PGswas tested in a crosslinking assaymodified from
Benedettietal. (52).Ina40mlassay,56.5mgofmembraneproteins
containing BrPGIP3_GPI or PvPGIP2_GPI were co-incubated
with PGs (2.5 ng FpPG, 100 ngAnPGII, or 10 ml PCO_GH28 Sf9
insect cell culture medium) for 1 h at 4°C in 40 mM citrate
phosphate buffer, pH 5.0. Subsequently, they were supple-
mented with a final concentration of 1% formaldehyde (in 13
PBS) or 13PBS and incubated overnight at 16°C. Equal volumes
of sample were used forWestern blotting without boiling of the
sample, to avoid reversal of formaldehyde crosslinking by heat
(90).PGsandPGIPscanbedistinguished in theWesternblotting
by their different tags.
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Inhibition assay PG-PGIP

To test the inhibitory activity of theGPI-anchored PGIPs, the
Sf9membranepreparationswere incubateddirectlywithPGsor
gut contents without prior release of the proteins from the
membrane. The gut contents of 35 P. cochleariae third instar
larval gutswere pooled in 500ml 50mM citrate phosphate buffer,
pH 5.0, and subsequently dialyzed against H2O. For 60 ml assays,
up to 300 mg Sf9 cell membrane proteins were transferred into a
total of 26 ml H2O and pre-incubated with 102 ng FpPG, 33 ng
AnPGII,or10mlPGsorgutcontent(inH2O)and8ml 0.2Mcitrate
phosphatebuffer, pH5.0, for30min (AnPGIIat4°C, gutcontent,
FpPG, PCO_GH28-1, -5, and -9 at RT). Of six replicates per
treatment, three were boiled after pre-incubation at 99°C for 5–
10 min as background controls. Subsequently, 12 ml 1%
demethylatedPGA(w/v inH2O) and4ml 0.2M citrate phosphate
buffer,pH5.0,wereaddedandthemixturewas incubatedat40°C
for 30–90min. The amounts and incubation times of individual
PGsorbeetlegutcontentswerechosentoensure thatPGactivity
was well above the detection limit and in the linear range below
saturation. Mixing of the samples every 15 min during pre-
incubation and incubation ensured contact of the soluble PGs
with the PGIPs bound to sedimenting membranes. Afterward,
quantification of released galacturonic acid residues was
performed by the colorimetric 3,5-dinitrosalicylic acid (DNS)
method as described previously (31). Upon hydrolysis of PGA,
the increaseof free reducinggroupsresulted in thereductionand
thus color change of DNS from yellow to brown, which was
quantified at 575 nm (91). The average of the respective
backgroundcontrolswassubtractedfromthesamples.Statistical
analysis was performed with SigmaPlot (Systat Software, San
Jose, CA, USA) comparing samples with WT and PGIP-
containing membrane proteins with a Student’s t test (for
normallydistributedsampleswithequalvariances)oraranksum
test (Mann-Whitney, when samples were not normally dis-
tributed or had unequal variances).

Data availability

All data presented in this paper are contained within the
article.
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