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Abstract
Three unique cDNAs encoding putative polygalacturonase enzymes were isolated from the tarnished
plant bug, Lygus lineolaris (Palisot de Beauvois) (Hemiptera: Miridae). The three nucleotide sequences
were dissimilar to one another, but the deduced amino acid sequences were similar to each other and to
other polygalacturonases from insects, fungi, plants, and bacteria. Four conserved segments
characteristic of polygalacturonases were present, but with some notable semiconservative
substitutions. Two of four expected disulfide bridge–forming cysteine pairs were present. All three
inferred protein translations included predicted signal sequences of 17 to 20 amino acids. Amplification
of genomic DNA identified an intron in one of the genes, Llpg1, in the 5 untranslated region.
Semiquantitative RT-PCR revealed expression in all stages of the insect except the eggs. Expression in
adults, male and female, was highly variable, indicating a family of highly inducible and diverse
enzymes adapted to the generalist polyphagous nature of this important pest.
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Figure 1. Genomic sequence of Lygus lineolaris polygalacturonase1 (PG1). Lowercase letters denote intron in the
5 untranslated region. Start and stop codons are indicated in bold. Putative polyadenylation signal is underscored.
GenBank accession number EU136628.

additional male and six additional female adults
were used in a follow-up experiment. Expression
controls were chosen from several sequences that
were expected to be expressed constitutively (at

all stages of development) and evaluated while the
semiquantitative cycling parameters were
empirically determined. L. lineolaris cDNA
library sequences homologous to cytoplasmic
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Table 1. Primers used to amplify polygalacturonase and loading control (putative identifications based on
homology) genes complementary and genomic from Lygus lineolaris DNA.

Gene or EST Primer description Location Sequence (5 -3 )
Llpg1 Initial RACE, for 5 end and genomic intron 103-81 CCTGTTTGGCAGCACCCAGTTGA
Llpg1 Nested RACE, for 5 end 65-41 ACGGCACCGTAAGCAGATACGATGA
Llpg1 Initial RACE, for 3 end 891-915 TATCGTCTTCAACAACGTGCGAGGA
Llpg1 Nested RACE, for 3 end 986-1010 GCAACATTAACGTCACTGGAGGTCA
Llpg1 RT-PCR, forward and full-length/proofread (17)-1 GACAAACGGGCTGTGAATA
Llpg1 RT-PCR, reverse 1150-1131 AGGGGACAAATCAAGGCTCT
Llpg1 Full length/proofread 1216-1194 TTTTTTTTTTTGGCTTCAAATTG
Llpg1 Genomic intron, forward (847)-(826) TGCCAAAACTGACTGCTATTCC
Llpg2 Initial RACE, for 5 end 142-118 GGACTTGGAGGTCTCTGATGACGAT
Llpg2 Nested RACE, for 5 end 46-22 CAACCACGAAGAACAAGCACCCAAG
Llpg2 Initial RACE, for 3 end 863-887 ACCCAACTGGTGAGCCAACATTCTT
Llpg2 Nested RACE, for 3 end 978-1003 TGCTAGGAACTGGAAGTGGGAAATG
Llpg2 RT-PCR, forward and full-length/proofread (27)-(10) GTTAGCAGCCCCAGAAGT
Llpg2 RT-PCR, reverse 1084-1068 CATCGGATTCCAAGATTC
Llpg2 Full-length/proofread 1126-1104 CAATGAATAACATCTGAGTGACG
Llpg3 Initial RACE, for 5 end 176-153 GTTCCTGGCTTGACGAATTCAAAA
Llpg3 Nested RACE, for 5 end 42-20 TGCTGCGACGCACATCAAAATTC
Llpg3 Initial RACE, for 3 end 650-673 TGGCAGTTGGAGGATACCAAGTGA
Llpg3 Nested RACE, for 3 end 800-821 AGGACGTCACTGATGCTGGACT
Llpg3 RT-PCR, forward and full-length/proofread (24)-(7) AGGTTTCTGAACCCCAAA
Llpg3 RT-PCR, reverse and full-length/proofread 1109-1090 TTTTGTCTGCCTGTATGATG

ribosomal S2 RT-PCR loading control 256-373 CCGGTCAGAGAACCAGAT
ribosomal S2 RT-PCR loading control 701-684 GTACGGAGGCTTGGAGAG
ribosomal 16S RT-PCR loading control 717-734 GAAGGCTGGTATGAATGG
ribosomal 16S RT-PCR loading control 1046-1029 TCGCAAACTTTCTTATCG

actin RT-PCR loading control 578-597 CGATCTACGAGGGATACGCT
actin RT-PCR loading control 967-948 ACAGGTCCTTACGGATGTCC

actin (DQ386914), ribosomal S2 (DY470915) and
16S (DY524581) were expressed in all samples.
Control samples required 22 PCR cycles. Relative
expression levels were estimated and normalized
to the controls from gel band density
measurements calculated using TotaLab TL100
gel analysis software.

Results
Expressed sequenced tags from a cDNA library
(Allen 2007) were preliminarily identified as
polygalacturonase encoding genes based on
similarity to known fungal sequences. The three
library sequences were compared to one another
and found to be highly divergent at the nucleotide
level, except for a 65 nt portion of Llpg2 and
Llpg3, with 53/65 (81%) identities and no gaps.
The corresponding translation of these
nucleotides (respectively, PG2/PG3 for
nonidentities) is K-P-G-T-T-V / I-E / V-F-A /
R-G-R-I / V-T-F-G-Y-K-E-W-K / R-G-P. All three
expressed sequenced tags differed at the
nucleotide level from all other sequences in
NCBI/GenBank. The low sequence similarity
between the three expressed sequenced tags and
their moderate translated amino acid similarities
to several fungus and both insect
polygalacturonases indicated that these were
probably unique products, so the genes were
cloned in their entirety using RACE, followed by
amplification of complete coding sequences from

cDNA. Specific primers used for all three genes
are shown in Table 1. When the specific primers
were used to try to amplify genomic sequences,
multiple bands were obtained, suggesting the
existence of either introns, multiple isoforms, or
pseudogenes within the genome. For Llpg1 the
genomic amplicons were longer than the cDNA
sequence, so specific primers (Table 1) were used
to amplify a 688 bp intron in the 5 untranslated
region. The deduced genomic sequence for Llpg1
is shown in Figure 1. The three cDNA sequences
were submitted to the NCBI/GenBank database as
CoreNucleotides under accession numbers
DQ399525, DQ399526, and DQ399527.

The three cDNA’s encode putative poly-
galacturonases of 356, 365, and 351 amino acids
for Llpg1, Llpg2 and Llpg3, respectively (Figure
2A). The LlPG1 enzyme was predicted to have a
20 amino acid signal peptide (probability 0.892,
cleavage site probability 0.810) (Bendtsen et al.
2004) with the molecular weight of the mature
enzyme predicted to be 35.8 kD. The LlPG2
protein is also predicted to have a 20 amino acid
signal peptide (probability 1.0, cleavage site
probability 0.948) and a molecular weight of 38.1
kD for the mature peptide. LlPG3 is predicted to
have a 17 amino acid signal peptide (probability
0.989, cleavage site probability 0.906) leading to
a predicted molecular weight of 36.5 kD for the
mature peptide. The amino acid sequences of the
three putative enzymes as would be expected are
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Figure 2. [continued] (B) Multiple alignment of fungal and insect PGs. [continued on next page]
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Figure 2. [continued]
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Figure 4. [continued] (C) Llpg3. (D) Semiquantitative RT-PCR gels of additional adult specimens. F: female, M:
male, 0: no template, PG1: Llpg1, PG2: Llpg2, PG3: Llpg3, S2: S2 ribosomal standard.

organisms (Allen 2007). Despite this genus being
the focus of more study than most of the
remainder of the family Miridae, and despite the
documented presence of endosymbionts in many
heteropteran and homopteran relatives, no
endosymbionts have been found in a Lygus
species (Kikuchi et al. 2003). Additionally,
documented pathogen transmission is rare in
Lygus (Wheeler 2001). The three
polygalacturonase genes described here are more
closely related to one another and to the other
insect polygalacturonases than to the most similar
fungal polygalacturonases when analyzed
phylogenetically (Figure 3 and Table 2). It is
almost certain that these three genes are of L.
lineolaris genomic origin. The evolutionary origin
of these genes is an area for more study. As
additional insect polygalacturonases are identified
and characterized it is likely that one or more

distinct insect lineages will emerge.

If the three polygalacturonase sequences
identified from L. lineolaris are salivary or
digestive enzymes, they should be expressed in
feeding stages of the insect but not in the egg
stage. Because three distinct genes were
identified, it is possible that they are differentially
expressed based on development, or sex, or some
other factor. The L. lineolaris cDNA library was
derived from fifth instar male nymphs (Allen
2007), warranting a determination of expression
from other life stages. In each replicate of the
stage expression experiments, a zero expression
reading was present in at least one life stage for
Llpg3. This, and the overall variability in
expression indicated in Figure 4, suggests that all
three genes are differentially expressed in all
feeding stages, and are regulated by factors other
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than development or sex. Salivary protein profiles
from L. hesperus varied depending on diet and
starvation status (Habibi et al. 2001). Enzymes
extracted from L. hesperus and L. lineolaris vary
in specific activity between species and tissue
(Agusti et al. 2000) and depending on starch
source (Agblor et al. 1994). The range of digestive
enzymes produced by L. hesperus and L.
lineolaris is indicative of the polyphagous nature
of these bugs; they not only attack plants, but are
facultative predators as well (Agusti et al. 2000;
Wheeler 2001). All of the specimens in the
expression studies here were laboratory reared on
artificial diet. Future expression assays using a
variety of diets may pinpoint host cues that
regulate expression of specific polygalacturonase
genes. Furthermore, libraries derived from Lygus
salivary glands rather than whole insect
specimens should provide a more complete set of
polygalacturonase and other enzymes involved in
extraoral feeding. We have begun preparation of
these resources.

Purified fungal genes for carbohydrate-degrading
enzymes have been useful for analyses of plant
cell walls (Bauer et al. 2006). Degradation of
pectins is important in food technology and waste
management; the Lygus spp. enzymes may be
industrially useful (Agblor et al. 1994). The
specificity and activity of the L. lineolaris
enzymes, and those from other insects, may prove
useful in a number of applications. Perhaps most
importantly, the interaction between Lygus spp.
polygalacturonases and plant defensive proteins
such as polygalacturonase-inhibiting proteins
may lead to novel crop protection strategies.

In conclusion, the first three polygalacturonases
from L. lineolaris have been identified. Additional
gene identifications can be expected from this and
other Lygus species as well as from other
phytophagous members of the family Miridae.
The genes are transcribed in all feeding stages and
appear to be highly inducible. The stimuli that
drive expression of individual or multiple
polygalacturonases can now be tested, and the
specific characteristics and functions of the
individual or combined forms will provide a basis
for understanding, combating, and possibly
exploiting this pest.

Disclaimer
This article reports the results of research only.
Mention of a commercial or proprietary product
does not constitute an endorsement of the

product by the United States Department of
Agriculture.
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