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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, LlIpg1, 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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Introduction

Phytophagous insects derive nutritional resources
by consuming and digesting plant compounds,
some of which are complex, such as those found
in cell walls. Pectin is a complex carbohydrate and
a major component of the plant cell wall. Enzymes
that degrade pectin form a large group that
includes polygalacturonases (EC 3.2.1.15) that
hydrolyze a(1-4) linked D-galacturonic acid units.
Although polygalacturonases and other plant cell
wall degrading enzymes have been identified and
purified from several insects (Agblor et al. 1994;
Agusti et al. 2000; Cherqui et al. 2000; Cohen et
al. 1998; Doostdar et al. 1997; Frati et al. 2006;
Laurema et al. 1961; Ma et al. 1990; Shen et al.
1995), the genes encoding polygalacturonases
have been characterized from only two insects,
the mustard beetle Phaedon cochleariae
(Coleoptera: Chrysomelidae) (Girard et al. 1999)
and the rice weevil Sitophilus oryzae (Coleoptera:
Curculionidae) (Shen et al. 2003; Shen et al.
1995). Both of these beetles feed on living plants,
but neither feeds by the piercing-sucking
mechanism found in Heteroptera.

The tarnished plant bug, Lygus lineolaris (Palisot
de Beauvois) (Hemiptera: Miridae), infests many
crops in the eastern United States and Canada
and often requires control. Lygus spp. damage
cotton, alfalfa, seeds, fruits and vegetable crops by
inserting stylets, needle-like mouthparts, into
plant tissues and injecting saliva that causes
tissue necrosis, abscission, and deformation
(Strong 1970). Lygus spp. salivary enzymes
contain polygalacturonases that hydrolyze pectic
polysaccharides in plant cell walls (Agblor et al.
1994; Strong et al. 1968). More than one
polygalacturonase is present in Lygus spp. saliva,
and are the primary cause of plant tissue damage
(Shackel et al. 2005). Other bugs in the family
Miridae also produce polygalacturonases,
primarily in salivary glands; interestingly,
polygalacturonases have not been detected in
other phytophagous heteropteran families (Frati
et al. 2006; Laurema et al. 1961).

Molecular genetic characterization of
polygalacturonases from agricultural pests,
especially those with piercing-sucking feeding
mechanisms, will be helpful in formulating and
selecting pest resistant crops. Many plants
produce polygalacturonase-inhibiting proteins
that are being studied for potential use, either
through plant selection or genetic manipulation,
as defense against fungal and insect damage
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(D'Ovidio et al. 2004; Howell et al. 2005; Powell
et al. 2000; Shackel et al. 2005). Also,
pectin-degrading enzymes can be used for food
and fiber processing applications (Agblor et al.
1994; Jayani et al. 2005; Shackel et al. 2005;
Solbak et al. 2005). Identification of new genes
encoding polygalacturonases from plant-feeding
mirids will promote progress in agricultural
science and technology.

While analyzing and cataloguing a set of cDNA
sequences from tarnished plant bug male nymphs
(Allen 2007), three sequences homologous to
polygalacturonases were found. These sequences
indicated three distinct
polygalacturonase-encoding genes that were more
similar to fungal polygalacturonase genes than
polygalacturonases associated with beetles. The
presence and dissimilarity of these genes
suggested the existence of a broad family of
polygalacturonases in phytophagous mirid bugs.
All three genes were amplified in their entirety
after identification of both ends by rapid
amplification of ¢cDNA ends (RACE). Several
copies of the genes were amplified using both
standard and proofreading polymerase. PCR
using specific primers and genomic DNA
identified an intron in one of the genes.
Stage-specific expression of the three genes was
examined by seminquantitative RT-PCR. The
characteristics of these genes were compared with
insect and fungal counterparts.

Material and Methods

Lygus lineolaris

A laboratory colony of L. lineolaris was
established from specimens supplied by Dr. Eric
Villavaso at the USDA ARS Facility in Starkville,
MS, and maintained under standard conditions
(16:8 L:D at 24°C and 20°C respectively, 70% RH)
in Percival (www.percival-scientific.com)
incubators at the USDA Stoneville Research
Quarantine Facility essentially as described (Allen
2007; Cohen 2000).

Nucleic acid (RNA and DNA) extraction

Total RNA was extracted from whole live
specimens using the Ambion (www.ambion.com)
Multi-Enzymatic Liquefaction of Tissue (MELT)
total nucleic acid isolation system according to
instructions supplied by the manufacturer.
Samples were prepared using a DNase digestion
step. Polyadenylated RNA was prepared from
total RNA samples using the Ambion Poly(A)
Purist™ MAG magnetic poly(A) RNA purification
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kit according to manufacturer instructions. All
samples were measured spectrophotometrically to
determine concentration and purity. Genomic
DNA was extracted wusing the Promega
(www.promega.com) Wizard® SV Genomic DNA
Purification System according to manufacturer
instructions for preparation of mouse tail and
tissue lysates. Samples were crushed in digestion
solution containing proteinase K and incubated
overnight, then centrifuged and separated from
undigested materials prior to column application.
Nuclease-free water was heated to 65°C prior to
elution for improved yield. Samples were
measured spectrophotometrically; if the sample
gave low yield or was contaminated with protein
(260/230 reading <1.0), the sample was cleaned
and concentrated using Zymo
(www.zymoresearch.com) DNA  Clean &
Concentrator-5 column.

Library construction

Total RNA was extracted (described above) from
fifth instar nymph males, which were selected by
anesthetizing with CO2 and examining the ventral
posterior for the absence of a developing
ovipositor. Individual males (whole insects) were
used for extractions, and total RNA yield varied
from 6.3 ug to 24.2 pg per specimen. Six samples
with yields >15 pg were combined and used to
purify poly(A) RNA. The poly(A) RNA (2.4 pug)
was used to prepare a cDNA library as described
(Allen 2007) using the Invitrogen
(www.invitrogen.com) SuperScript™ plasmid
system with Gateway~ Technology for cDNA
synthesis and cloning, according to instructions
provided, except that quantification of
concentration of size fractions was calculated
spectrophotometrically. A fraction containing
transcripts of about 1 kb in length was ligated into
the pSPORT1 vector, and then transformed into
One Shot® OmniMAX™ 2 Ti phage-resistant
cells.

RACE and full-length cloning

Ends of the c¢DNA encoding putative
polygalacturonases were obtained using the
Invitrogen GeneRacer™ kit according to
instructions provided by the manufacturer. Total
RNA samples were treated with both calf
intestinal phosphatase and tobacco acid
pyrophosphatase to facilitate 5" cloning. All PCR
primers were designed using Primer3
(http://frodo.wi.mit.edu/cgi-bin/primers/
primer3_www.cgi) (Rozen et al. 2000), and PCR
was performed wusing Applied Biosystems
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AmpliTaq Gold® polymerase. RACE products
were gel purified and cloned into Invitrogen pCR
4-TOPO plasmids, then transformed into One
Shot® TOP10 chemically competent cells. After
sequences were manually assembled into
full-length genes, first strand cDNA was
reamplified with Applied Biosystems GeneAmp®
high fidelity polymerase using primers designed
to amplify the entire open reading frame. To
identify possible introns, additional primers were
designed and similarly used to amplify genomic
DNA. The amplicons were cloned and sequenced,
and the resulting sequences were used to
reconcile the gene sequences assembled from
ESTs and RACE products.

Sequencing and Analysis

Clones were sequenced on an Applied Biosystems
ABI3730 at the USDA Genomics Center in
Stoneville, MS and compared with nucleotide and
translated proteins published in GenBank using
the NCBI BLAST analysis programs blastn and
tblastx (Altschul et al. 1997). Open reading frames
were identified and translated and protein
characteristics  identified using DNASTAR
Lasergene software. Multiple alignments were
performed using MEGA 3.0 software (Kumar et
al. 2004), or submitted to the CLUSTAL W
(version 1.82) online service
(http://www.ebi.ac.uk/clustalw) (Higgins et al.
1994). Phylogenetic comparisons were made
using the neighbor joining method and
reconstructed with 1000 replicate bootstrap
analysis. Signal peptides were identified using the
SignalP 3.0 online server (Bendtsen et al. 2004).

Semiquantitative RT-PCR

Total RNA samples were diluted to a
concentration of 100 ng/ul and 500 ng was used
in reverse transcription reactions using Ambion
M-MLV reverse transcriptase, RNase inhibitor,
and Oligo(dT) primers following manufacturer
instructions. The number of cycles required to
produce visible bands but avoid saturation was
determined empirically to analyze developmental
stages of insects. Typically, 26 cycles were used
for L. lineolaris polygalacturonase. Typical cycling
conditions were: 2 min. 94°C initial denaturation
step followed by repeated cycles of 94°C for 30s,
58°C for 20s, 68°C for 70s, and final extension for
10 min at 68°C. Primers used to amplify
full-length genes were also used for expression
evaluations. Experiments with insect stages were
performed twice, and because total RNA from
adult specimens represented individuals, six
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-870 GTTCAAAATCTACTAATCAG
-850 TGTTGCCAAMACTGACTGCTATTCCGTAGATCTACCGTTTTTCCGTAGAT
=800 CTACCGTTTTTCCGTAGATCTCCCATTTTTCCTCATTTTGACAGCTGTTT
-750 ACTTTCACCTGGGCACTCACATAATTTCAACCTTTCATACGAATTTATgL
=700 tgttttttaaaattctettcacttgtetgetgatttttacagtaggtaaa
-650 aagggatttaaaagggattaggtaaaagtagggatttttacttagattec
-600 tacgtagtcttgttacttttaccatgaaaaccctgacttttttecacaaat
-550 tttgactgaatgttatcgggectgtectagttattcaaacacaccataatta
-500 tecaacatgagatttattctagatacctecggattgategtegacaatgea
-450 caataatgaaatcgtgaataaacaccttaacttcgatataaaaggaggag
-400 ctcagtaggtaggecgctectggttecagaccatgececcgaattecaacgegag
-350 gagttggaaaattgaacgaattttceoctattacgaatttgttectecteaat
-300 ttgaattcactaaatagaaggcctattgcatgagagagaagagggtgtagc
-250 aacggatttatccaatattcatgttaattttgteccgaaggtattecacea
-200 ctcacactctgatecgattaccagacgatectetgtacgaccttgaaaacga
-150 cectgtgaccttgaacgaacatacggacagagatctagatgttttattgta
-100 cgagtagattteccatagatataagtccccgaaccatgeteteattttgaa
-50 cgaaattcgctatccccatttattectaaacagGACAMCGGGCTGTGAAT
1 ATGTGGAATAACATGARCCCCATCGGAGGCCTCCTCCTAGTCATCGTATC
51 TGCTTACGGTGCCGTAGTCACAAATTACAATCAACTGGGTGCTGCCAAAC
101 AGGGTAACCTCATCACCTTGAAGGACCTTCAGGTACCGGCTGGAGTCACT
151 TTGGACCTGACTAAATTGAAACCTGGAACGACAGTAGAGTTTTCTGGACG
201 CACCACTTTCGGATACCATGAGTGGGCTGGTCCTCTGGTCAAAGTTAGCG
251 GTAAGAACCTGAAGATCGTCGGTCTGCCAGGCAATCTCTTGGATGGTGAR
301 GGGAAACGATGGTGGGACGGCAAAGGAGGCAATGGTGGAGTAGCGAMACC
351 CAGGTTCATGGAAGTCAACATTGAAGACTCTACCATTAGCGGTTTGAACA
401 TCAAGAACCCACCTGCATGGTGTTTTGTAGCCAATTATTGTAAAAACATC
451 CACATTTCGAACCTCAACATTGACATCAMAAGATGGCGATAAGAMARGCAGE
501 AGGACACAACACTGATGGTATTGGCGTCGGTTACAGTAATAATGTGACGA
551 TCCTCAACTGTAAAGTCCATAATCAAGATGATTGTTTCGTTACTGGAGCT
601 GGTAGCGATATCCTGATCGACAACTTGTCCTGTACTGGAGGACACGGAAT
651 TTCAATTGGTTCTTTGGGTCGTGEAGCTGTCGTTGAMAGGCGTGACCGTGA
701 AGAATAGTAAMATCATCAAGAATATGETTGGAGTCAGGATTAAATCCACC
751 AGAGGAGAGACTGGGGCGATTAGGGACATCACTTTTGACAACATCGAACT
801 CCAAGGAATCACAAGGTACGGTATCATTGTGGAAGGCAACTACCTCAACT
851 CAGGATCTGCAGGTGATGCGACCCCGTTCCCCALCGARAATATCGTCTTC
901 AACAACGTGCGAGGAAGCGTAGTTCgCAAGGCTACTAACATATATGTGAR
951 CATTCATCCCACCAGTGGTAAGAACTGGAGGTGGAGCAACATTAACGTCA
1001 CTGGAGGTCAGAAAGAGCTCAAATGTATTGGAGTTCCTGCAGGCGTGAAT
1051 GTCAATTGCGGCAAGAAGTAATCTTCAAGCCCTTTTTCATTAAMAATTAAA
1101 ATCATTCTCACAACGTGGACAAATACTGAGAGAGCCTTGATTTGTCCCCT
1151 CTTTATTACAAGARATTTGGGTGAAAGTCACTGARATAMAGGACAATTTG
1201 AAGCC

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 all stages of development) and evaluated while the
were used in a follow-up experiment. Expression = semiquantitative cycling parameters were
controls were chosen from several sequences that empirically determined. L. lineolaris cDNA
were expected to be expressed constitutively (at 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
Lipg1 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
Lipg2 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 Lipg2 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 Dboth 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 Llpgi 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 c¢DNA’s encode putative poly-

galacturonases of 356, 365, and 351 amino acids
for Llpgi, Lipg2 and Llpg3, respectively (Figure
2A). The LIPG1 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 LIPG2
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. LIPG3 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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L. lineolaris PGl MWNNMNPIGGLLLVIVSAYG--AVVINYNQLGAAKQGN--LITLEDLQVPAGVTLDLTKL 56
L. lineolaris PG2 MGTSGLALGCLFFVVASASAQYFELKNVNQLAEAKKFQ--KIVIRDLQVPAGVTLDLSNL 58
L. lineolaris PG3 ——-MSPYICGILMCVAAASA-—VDVWNLQQLEAAKRGNDLTINVRDIFVPAGQTLNFEFV 55
- Rt :_-* .* ** **:: »* ::*:**** **::
L. lineolaris PGl KPGTTVEFSGRTTFGYHEWAGPLVKVSGEKNLKIVGLEPGNLLDGEGKRWWDGKGGNGGVAK 116
L. lineolaris PG2 KPGTTVEFAGRITFGYKEWKGPLVEVTGKQLTIMAHSYARFDGEGHRWWKG-GRESKLVK 117
L. lineolaris PG3 KPGTTIVFRGRVTFGYKEWRGPLIILKGRNLKIKGGAGHIFDGEGREWWDGTGTNSGKIK 115
*****: * ddk v dod :** ***: :_*::*_* :**** :*** _* * . *
L. lineolaris PGl PRFMEVNIEDSTISGLNIKNPPAWCFVANYCKNIHISNLNIDIKD-GDKKAG-G 174
L. lineolaris PG2 PRFFEAIVDDSTITGLYFENTPAPCFLCNWCHNVAISKITVDTKDAGDGRAGRA 177
L. lineolaris PG3 PYMEYVQLADSSVRGLTIKNSPAHTFAINDCNHIS INNVMIDNRD-GNRFGG—--HNT 172
%* .= a**::** :**_** * **:::*_:: :* :* *: _*
L. lineolaris PGl GVGYSNNVTILNCKVHNQDOQFVTGAGSDILIDNLYQTGGHGISIGSLGRGAVVER-VTV 233
L. lineolaris PG2 SLGYVKNVTVRDSYVENQDOQFVTGAGEDMLIDNLTQEGGNGISVGSLGNGADVVR~CTI 236
L. lineolaris PG3 DVAKSHEVIIANSTIYNQDOQLAINSGTEITFQRN 232
- ._* = =, ._*****: _:* s -
[
L. lineolaris PGl KNSKIIRNMVGVRIKSTRGETGAIRDITFONIELQGITRYGI IVEGNYLNSGSAGDAT-P 292
L. lineolaris PG2 RNSRVTNSLNGLRLKSETNAVGLHRGVTFENIELKDIHQYGISIYGNYGPTYPTGEPT-F 295
L. linecolaris PG3 RGCRCIQTKYGVRIKTLLNGRGIVKGVKIENILLKDVTDAGLLIIGNYLNSGPKGEPTGG 292
L wi *oatk 2%k o - * e et skk k. . * . % % Kk TR
L. lineolaris PGl FPIENIVFEFNNVRGSVVR-KATNIYVNIHPTSGKNWRWSNINVTGGQ~-———— KELKQIGVP 346
L. lineolaris PG2 FIMDQLTMRNIRGTMAAPGGANVWIWLHKDSARNWKWENVNVVGGKSAMFRPPLTEKGVP 355
L. lineolaris PG3 IPIEDLTVNNVRGNVLA-KGTNINVLVAN--ARNWQWS-SNIQGGQ----- RELPECKGIP 343
::::---* **-: :*::. _-**_*_ *:**. % *:*
L. lineolaris PGl GKK 356
L. lineolaris PG2 EK 365
L. lineolaris PG3 G-- 351

Figure 2. Multiple sequence alignments of the deduced amino acid sequences. (A) L. lineolaris polygalacturonase

(PG) cDNAs. *

marks identities, : marks functionally conservative substitutions, . marks majority (2 of 3 either

identical or functionally conserved). Predicted signal peptides are underscored. Conserved functional motifs are
boxed, cysteines are shaded and lines connect putative disulfide bridges. Strictly conserved Tyr281 is shaded.

[continued on next page]

also highly divergent with LIPG1 having 49%
identity to LIPG2 and 44% identity LIPG3, while
LIPG2 shares 39% identity with LIPG3 (Figure
2A).

Despite the low degree of sequence identity found
among the putative L. lineolaris
polygalacturonases, the three enzymes contain the
strictly conserved amino acid residues found
across all fungal and bacterial polygalacturonases
isolated to date (Kester et al. 1996). The three
strictly conserved aspartic acid residues involved
in catalysis (Armand et al. 2000; Pickersgill et al.
1998; van Santen et al. 1999), the consecutive
aspartic acid residues (Asp193 and Asp194, LIPG1
numbering used throughout) along with Asp 172,
are conserved in all three putative L. lineolaris
polygalacturonases (Figure 2B). The putative
enzymes also contain the strictly conserved

residues Arg246, Lys248, and Tyr281 (Figure 2B).
LIPG1 and LIPG3 possess the strictly conserved
histidine residue (His215); however LIPG2
substitutes an asparagine residue at this position
(Figure 2A). The impact of this substitution on
LIPG2 is unclear, but may lead to an inefficient
catalyst as the His215 residue has been implicated
in substrate binding of A. niger endo-PG II (van
Santen et al. 1999). The L. lineolaris
polygalacturonases contain two potential disulfide
bridges, a departure from the four disulfide
bridges found in fungal endo-polygalacturonases.
One potential disulfide bridge involves Cys195
and Cys 211, very near the active site (Figure 2A).
This disulfide bridge connects two adjacent
B-helical turns in A. niger and A. aculeatus
polygalacturonase crystal structures (Cho et al.
2001; van Santen et al. 1999). The second
potential disulfide bridge is found at the
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EAKKFQ--KIVIRDLOVPAGVTLDLSNLEPGTTVEFAGRITFGYKEWKGP
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HFENINLLNCPVQVHSIDHSGPLTLSGWNIDVSQGDKDALG--HNTOGED
TISGLNIKNPPAWCEVANYCEKNIHISNLNIDIKD-GDKKAG-GHNTOGIG
TITGLYFENTPAPCFLCNWCHNVAISKITVDTKDAGDGRAGRAKNTOGIS
SVRGLTIKNSPAHTEFAINDCNHISINNVMIDNRD-GNRFGG--HNTOGED
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Figure 2. [continued] (B) Multiple alignment of fungal and insect PGs. [continued on next page]
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A. fumigatus 293 ISESTGVYIRGATVHNODOOTATINSGENTIEFSGGYQSGGHGLSIGSVGGR 239
N. fischeri extracellular ISESTGVYIRGATVHNODOCTAINSGENIEFSGGYGSEGHGLSIGSVGEGR 239
A. niger PGl ISESTGVYISGATVHNODOOIAINSGESISFTGGYGSEGHGLSIGSVGEGR 239
A. niger endcoPGB IGQSTYITIDGATVYNQDOCLAINSGEHITETNGY (D GQLSIGSIGGR 231
Pen. olsonii PGl VGESTYITISNANIHNQDOOLATINSGENITIFTGGTISEEHELSIGSVGGR 241
A. niger endoPGII VENSVGEVNIIKPWVHNODOOLAVNSGENIWFTGETGIGGHELS IGSVGDR 233
C. carbonum IGSSSGITISNANIKNQDOOVAINSGSDIHVTNCQUSGGHEVSIGSVGGR 235
F. graminearum VGSSTGVYISGAVVENODOOLAINSGTNITFTGGNGSEAGHGLSIGSVGGR 232
Pen. griseoroseum VGSENGVYITSPIVHNQDOCLAVNSGTINVHETGAQQT GQISIGSVGGR 247
5. oryzae PG ISGSTGITIKNSVPENQDOOVAINQGSNLVFESLTGSEGHELSL-SVGQS 229
Ph. cochleariae PG INTTDQLTIEDTVVENQDOOIAVNQGTINFLFNNLOGSGGHELSL-SVGTS 232
L. lineolaris PGl VGYSNNVTILNCKVHNCDOOFVIGAGSDILIDNLYQTGGHEISIGSLGRG 225
L. lineoclaris PG2 LGYVENVIVRDSYVENQDOCEVIGAGEDMLIDNLYGEQGNGISVGSLGNG 228
L. lineolaris PG3 VAKSHRVIIANSTIYNODOULAINSGTEITFQRNHOIGGHEIAVAVGGYQ 223
- - - [ Y o o pr * pr| e p .. *

DDN----TVENVTITDSTVTDSANG
DDN----TVENVTITDSTVTDSANG
DDN----TVENVTISDSTVSNSANG
SDN----TVNDVTISNSKVLNSQONG
DDN----TVENVTISDSTVSNSDNG
SNN----VVENVTIEHSTVSNSENA
KDN----TVKGVVVSGTTIANSDNG
SNN----DVKTVRILNSSISNSDNG
SDN----TVDGVTVESCTIKDSDNG
TENGDANTVENVVESDCTVKSSRNG
HETI-TKNTVRNVTFSNSVVRKSRNG

RIKTVYDATG--SVSQVTYSNIKL 283
RIKTVYDATG--SVSEVTYSNIKL 283
RIWTIYKETG--DVSEITYSNIQL 283
RIKNTIYGKTG--TVENVKFEDITL 275
RIKNTIYKAKG--EVADVTFSNIEL 285
RIKWTISGATG--SVSEITYSNIVM 277
RIKWTISGATG--SVSDITYENITL 279
RIKTVSGATG--SVSDVKYDSITL 276
RIKNTVYGATG--AVQGVTYKDITL 291
HIKT-HKDAGTGAISDVTYENIKL 278
HIKTTYQFRGRYPWRMLTYSNIAM 281

fumigatus 293
fischeri extracellular
niger PGl

niger endcPGB
en. olsonii PGl
niger endcPGII
C. carbonum

F. graminearum
Pen. griseoroseum
5. oryzae PG

Ph. cochleariae PG

= e ]

L. lineolaris PGl AV———=—— VER-VTVENSKIIKNMVGYRIKSTRGETG--AIRDITFDNIEL 267
L. lineolaris PG2 AD=————— VVR=-CTIRNSRVTNSLNGLRLHSETNAVG--LHRGVTFENIEL 270
L. lineolaris PG3 VN=-———— EARNIVIRGCRCIQTKYG

RIHNTLLNGRG--IVKGVKIENILL 266

2K |e ¥* - *

SGITDYGIVIEQDYENGSPTGTPTTGVPITDLTIDGVIGTVES--DAVEV 331
SGITDYGIVIEQDYENGSPTGTPTTGVPITDLTIDGVIGTVES--DAVEV 331
SGITDYGIVIEQDYENGSPTGTPSTGIPITDVTIVDGVIGTLED--DATQV 331
SDISKYGIVVEQDYENGSPTGTPTNGVKVEDITFKKVIGSVKS--SGTDI 323
SNIAKYGIVIEQDYENGSPTGKPTTGVPITGLTVEKVIGSVKS--SGTDV 333
SGISDYGVVIQQDYEDGKPTGKPTNGVIIQDVKLESVIGSVDS--GATEI 325
KNIAKYGIVIEQDYLNGGPTGKPTTGVPITGVTLKNVAGSVTG--SGTEI 327
SNIAKYGIVIEQDYENGSPTGTPTAGVEPITDVTINKVIGSVKS~--SGTDI 324
SGIAKYGIVIEQDYENGSPTGTPTSGVPITDLTLDNVHGTVAS~--SGVDT 339
SGITNYGINVQEIYANGGDSVDPLGNIPTTNLNLQSVIGSMSGGSSSMSV 328
EGIWKYAVNVEQDYKKGKPTGIPVGNIPIKGLHLEKVIGTLTG-EESTPV 330
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niger PGl

niger endcPGE
en. olsonii PGl
niger endcPGII
C. carbonum

F. graminearum
Pen. griseocroseum
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= B =]

L. lineolaris PGl QGITRYGIIVEGNYLNSGSAGDAT-PFPIENIVFNNVRGSVVR--KATNI 314
L. lineclaris PG2 KDIHQYGISIYGNYGPTYPTGEPT-FFIMDQLTMRN IRGTMAAP-GGANV 318
L. lineolaris PG3 KDVTDAGLLIIGNYLNSGPKGEPTGGIPIEDLTVNNVRGNVLA-~KGTNI 314
. . » . . W .
A. fumigatus 293 YILCGDGSCSDWTWEGYVDITGGE————— KSSKCENVPSGASC—-——- 368
N. fischeri extracellular YILCGDGSCSDWTWEGYDITGGE-———— TSSKCENVPSGASC—--——- 368
A. niger PGl YILCGDGSCSDWTWSGYDLSGGK~———— TSDKCENVPSGASC—-——- 368
A. niger endoPGB YILCGSGSCSNWTWSGVDVTIGGK~———— KSSKCKNVPSGASCSD--- 362
Pen. olsonii PGl YILCGSGSCSDWTWSGNKVSGGK——-——— TSSKCKNVPSGASC—-——- 370
A. niger endcPGII YLLCGSGSCSDWTWDDVEVTGGK-———— KSTACKNFPSVASC—-——- 362
C. carbonum YVLCGKGSCSGWNWSGYVSITGGK————— KSSS5CLNVPSGASC—-——- 364
F. graminearum YILCA--SCENWTWTNNKVTGGK-———— TSDKCQGVPSGASC—-——~ 359
Pen. griseocroseum YITLCASGACSDWSWSGYSITGGQ--——— TSKKCKGIPSGASC—-——- 376
5. oryzae PG YILCGDGGCSNWAWSGYSISGAK-———— KANSCNFTPCGFTC—-——~ 365
Ph. cochleariae PG YITCADGACSNFNWSGYVSFEGAS————— HASNCSYVPTGYSC—-——- 367
L. lineolaris PGl YVNTHPTSGKNWRWSNINVTGGQ-———— KELKCIGVPAGVNVNCGKK 356
L. lineolaris PG2 WIWLHKDSARNWKWENVNVVGGKSAMFRPPLTCKGVPPNLGIRCAEK 365
L. lineolaris PG3 NVLVAN--ARNWQWS~SNIQGGQ-———- RRLPCKGIPNGLRIPCG-- 351
- - * % * *
Figure 2. [continued]
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Table 2. Proteins used for multiple alignment and phylogenetic reconstruction, species names and the broad taxa
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to which they belong.
Protein Accession | Nucleotide Accession |Length (aa) Species Taxon Species
NP_768633 NC_004463 510 Bradyrhizobium japonicum Bacteria Bradyrhizobium japonicum
ZP_00886079 NZ_AALWO01000054 447 Caldicellulosiruptor saccharolyticus | Bacteria | Caldicellulosiruptor saccharolyticus
ZP_01355285 NZ_AAQT01000116 518 Clostridium phytofermentans Bacteria Clostridium phytofermentans
ZP_00602671 NZ_AAAK03000002 445 Enterococcus faecium Bacteria Enterococcus faecium
ZP_01244777 NZ_AAPMo01000004 522 Flavobacterium johnsoniae Bacteria Flavobacterium johnsoniae
XP_753090 XM_ 747997 378 Aspergillus fumigatus Fungi Aspergillus fumigatus
CAB72126 Y18805 362 Aspergillus niger (endoPGB) Fungi Aspergillus niger (endoPGB)
CAA41694 X58893 362 Aspergillus niger (endoPGII) Fungi Aspergillus niger (endoPGII)
CAA41693 X58892 368 Aspergillus niger (PG) Fungi Aspergillus niger (PG)
AAA79885 M55979 364 Cochliobolus carbonum Fungi Cochliobolus carbonum
CAA61552 X89370 363 Colletotrichum lindemuthiana Fungi Colletotrichum lindemuthiana
EAA75337 AACMO01000457 359 Fusarium graminearum Fungi Fusarium graminearum
BAB69585 AB059425 361 Kluyveromyces wickerhamii Fungi Kluyveromyces wickerhamii
AAF06810 AF195791 376 Penicillium griseoroseum Fungi Penicillium griseoroseum
BAA24524 D779980 371 Penicillium janthinellum Fungi Penicillium janthinellum
CAB46908 AJ243521 370 Penicillium olsonii (PG) Fungi Penicillium olsonii (PG)
CAB46909 AJ243522 380 Penicillium olsonii (PG2) Fungi Penicillium olsonii (PG2)
CAA76930 Y17906 367 Phaedon cochleariae Insects Phaedon cochleariae
AAG35693 AF207068 365 Sitophilus oryzae Insects Sitophilus oryzae
AAM28240 AY098646 633 Meloidogyne incognita Nematodes Meloidogyne incognita
NP_563654 NM_ 100127 491 Arabidopsis thaliana Plants Arabidopsis thaliana
CAA65072 X95800 433 Brassica napus Plants Brassica napus
CAD21651 AJ428543 433 Brassica rapa rapa Plants Brassica rapa rapa
AAY21049 AY903297 402 Glycine max Plants Glycine max
NP_001042805 NM_ 001049340 503 Oryza sativa Plants Oryza sativa
CAB42886 AJ238848 394 Phleum pratense Plants Phleum pratense
CAH18935 AJ811693 398 Pyrus communis Plants Pyrus communis
CAA11846 AJ224147 335 Rubus idaeus Plants Rubus idaeus
BAB20805 AB047928 443 Zinnia elegans Plants Zinnia elegans

C-terminus of the three enzymes, Cys342 and
Cys353 (Figure 2A), and is expected to block
access to the core of the -helix structure common
to family 28 polygalacturonases (Cho et al. 2001;
Markovic et al. 2001; van Santen et al. 1999).

A polygalacturonase phylogenetic tree was
constructed to facilitate comparison of
polygalacturonases from L. lineolaris, two other
insects, and other taxa. The fungal, plant, and
bacterial polygalacturonase sequences used were
those identified by tblastx to be the most similar
to insect polygalacturonases. The single nematode
polygalacturonase described to date, that from
Meloidogyne incognita, was also included.
Species used for analysis are shown in Table 2,
and the tree is presented in Figure 3. While the
insect polygalacturonases were clearly most
closely related to fungal polygalacturonases, the
insect  polygalacturonases were  distinctly
separated from the fungi, albeit in two groups.
The two polygalacturonases identified from
beetles, S. oryzae and P. cochleariae, formed a
group phylogenetically separate from the three
Lygus polygalacturonases (Figure 3).

To gain functional insight into the of Llpg genes,
transcriptional profiling was performed at various
developmental stages. RT-PCR was carried out
using RNA reverse transcribed from eggs at an
early and late stage of development,

approximately day 3 and day 8 respectively; from
small, whole second instar nymphs; from fifth
instar, pre-adult nymphs that could be segregated
by sex; and from adult males and adult females.
The sample sizes were based on calculated
biomass of 10 mg, therefore a total RNA extract
was prepared from 150 eggs, 12 small nymphs, 2
whole preadult nymphs, and 1 whole adult.
Replicate samples were prepared, and a series of
semiquantitative amplifications confirmed that
the Llpgs were not expressed in eggs but were
expressed in all feeding stages (Figure 4 A-C).
Expression appeared highly variable both within
and between stages and sexes. Because the adult
samples represented so few individuals,
additional samples were prepared from whole
adults and semiquantitative PCR was repeated,
using the same cycling program (Figure 4 D).
Expression controls, L. lineolaris sequences
homologous to cytoplasmic actin, ribosomal S2
and 16S, were expressed at all stages of
development (primers shown in Table 1) at
similar intensity. Variability of Llpg expression in
adult specimens, and S2, is illustrated in Figure 4
D.

Discussion

Three cDNAs encoding three unique putative
polygalacturonases were isolated and completely
sequenced. The L. lineolaris genes encode
proteins that are similar to other insect
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Figure 3. Phylogenetic tree of some polygalacturonase proteins constructed by neighbor-joining (NJ) criteria.
Bootstrap support values are shown at nodes, scale is 0.1 amino acid substitution per site. GenBank accession
numbers and full species names for each sequence can be found in Table 2.

polygalacturonases in both sequence, predicted
signal peptide and predicted molecular weight
(Girard et al. 1999; Shen et al. 2003; Shen et al.
1995). The deduced protein products of the L.
lineolaris genes, as well as the previously isolated
insect polygalacturonases, are most closely related
to fungal polygalacturonases (Figure 3). Shen et
al. (2003) hypothesized that the S. oryzae
polygalacturonase genes may have been
horizontally transferred from a fungal species.

The Llpg translation products contain many
characteristic features of polygalacturonases
including four strictly conserved segments and an
invariantly conserved tyrosine residue (Markovic
et al. 2001). However, some semi- or
nonconserved  characteristics may  prove
responsible for enzymatic differences when
further studied. One exception to the consensus
was an asparagine residue substituted for the
conserved His215 in LIPG2. This histidine is
strictly conserved in fungal polygalacturonases
and when mutated in A. niger endo-PG II led to
an enzyme with less than 5% of the wild-type

Journal of Insect Science: Vol. 8 | Article 27

activity (van Santern et al. 1999). The histidine
residue is thought to play a role in substrate
binding (van Santern et al. 1999); however the
impact of this substitution on potential LIPG2
activity is unclear and will require more detailed
studies of the isolated enzyme.

The L. lineolaris polygalacturonases potentially
contain only two of the four disulfide bridges
(Figure 2) found in polygalacturonases from
coleopterans and fungi. This is not unexpected as
structure and function are likely to differ between
beetle, mirid and fungal polygalacturonases due
to the environments found in the insect guts and
fungal environs versus the L. Ilineolaris
polygalacturonases that are secreted into saliva
that is injected into a plant for extraoral digestion
of the cell walls. The L. lineolaris enzymes are
unique in that the disulfide bridge found near the
N-terminus of all  previously isolated
polygalacturonases does not exist in the putative
LIPGs. This disulfide bridge, in combination with
other structural features, serves as a shield to the
inner core of the $-helix structure expected to be
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Figure 4 Expression profiles of polygalacturonase genes of Lygus lineolaris. (A-C) Relative semiquantitative
RT-PCR values, as determined by gel density analysis and normalized to cytoplasmic actin, 16S ribosomal, and S2
ribosomal standards. Vertical bars connect the two expression levels in separate experimental replicates, horizontal
crossbars indicate the average. EggD3: 3 day-old eggs, eggD8: 8 day-old eggs, nymphlI2: second instar (small)
nymphs, nymphMIs5: fifth instar male nymph, nymphFIs5: fifth instar female nymph, adultM: male adult, adultF:
female adult. (A) Lipg1, (B) LIpg2, [continued on next page]

common among all family 28 hydrolases (Cho et
al. 2001). How the L. lineolaris enzymes
accomplish the shielding of the p-helix core, and
what impact it may have on enzyme activity
and/or stability will require more studies. The
enzymes also do not have what may be referred to
as the 3rd disulfide bridge that provides structural
stability in the A. niger endo-polygalacturonase 11
enzyme (van Santen et al. 1999), however this
disulfide bridge is not strictly conserved across
other species. The putative L. lineolaris
polygalacturonases do contain the disulfide
bridges near the active site and the C-terminal
end. The C-terminal disulfide bridge, which also
acts as a shield for the (3-helix core, is present in
the L. lineolaris enzymes and is similar to the
bridges found in plant, insect, and fungal
polygalacturonases, but not bacterial
polygalacturonases. This is an important
distinction as this supports the assumption that
the genes isolated here are indeed of L. lineolaris
origin.

When a similar polygalacturonase gene was
cloned from the rice weevil, S. oryzae, the
possibility that it was of endosymbiont rather
than insect origin was raised. This question was
carefully examined, and the effort led to the
conclusion that the sequence was a single copy
polygalacturonase gene in the insect genome
(Shen et al. 2003). However, because the S.
oryzae polygalacturonase gene from was shown to
be more similar to fungal polygalacturonase genes
than to any known insect genes, the authors
speculated that the gene was transferred
horizontally from a fungus to an early coleopteran
(Shen et al. 2003). The P. -cochleariae
polygalacturonase was also concluded to have
originated from the insect genome, based on
screening of the microbial fauna of the insect at
several insect life stages, and the presence of 3’
poly(A) tails (Girard et al. 1999). The L. lineolaris
cDNA sequences from which the
polygalacturonase genes were identified, although
admittedly few, contained no other sequences that
would indicate the presence of endosymbiotic
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Figure 4. [continued] (C) LIpg3. (D) Semiquantitative RT-PCR gels of additional adult specimens. F: female, M:
male, 0: no template, PG1: Llpg1, PG2: LIpg2, PG3: LIpg3, 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
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