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Summary
Cyst nematodes are plant-parasitic roundworms that are of significance
in many cropping systems around the world. Cyst nematode infection is
facilitated by effector proteins secreted from the nematode into the plant host.
The cDNAs of the 25A01-like effector family are novel sequences that were
isolated from the esophageal gland cells of the soybean cyst nematode
(Heterodera glycines). To aid functional characterization we identified an
orthologous member of this protein family (Hs25A01) from the closely related
sugar beet cyst nematode H. schachtii, which infects Arabidopsis. Constitutive
expression of the Hs25A01 CDS in Arabidopsis plants caused a small increase
in root length accompanied by up to 22% increase in susceptibility to H.
schachtii. A plant-expressed RNAi construct targeting Hs25A01 transcripts in
invading nematodes significantly reduced host susceptibility to H. schachtii.
These data document that Hs25A01 has physiological functions in planta and a
role in cyst nematode parasitism. In vivo as well as in vitro binding assays
confirmed specific interactions of Hs25A01 with an Arabidopsis F-box
containing protein, a chalcone synthase, and the translation initiation factor eIF2 beta subunit (eIF-2bs), making these proteins likely candidates for being
involved in the observed changes in plant growth and parasitism. A role of eIF2bs in mediating the Hs25A01 virulence function is further supported by the
observation that two independent eIF-2bs Arabidopsis knock-out lines were
significantly more susceptible to H. schachtii.
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Introduction
The soybean cyst nematode (Heterodera glycines) causes extensive
annual yield loss (Davis and Tylka, 2000; Koenning and Wrather, 2010; Jones et
al., 2013). The success of this pathogen relies on its ability to engage in a
complex interaction with its host plant, and at the interface of this interaction are
effector proteins delivered by the nematode. These proteins are produced in
gland cells associated with the nematode’s esophagus and are secreted into host
plant tissues through a hollow needle-like structure known as the stylet (Hewezi
and Baum, 2013; Mitchum et al., 2013; Eves-van den Akker et al., 2014). Once
in plant tissues, nematode effector proteins have been shown to interact with and
manipulate host plant factors, ultimately resulting in the suppression of plant
defenses and the formation of an elaborate feeding site within the root tissue
known as a syncytium ( Davis et al., 2008; Hewezi and Baum, 2013; Mitchum et
al., 2013). Understanding how effector proteins function within the plant will
elucidate the molecular interplay between parasite and host leading to new ways
to combat these important pests.
A suite of effector proteins produced in the esophageal gland cells of cyst
nematodes have been identified (Gao et al., 2001; Wang et al., 2001; Gao et al.,
2003; Vanholme et al., 2006; Maier et al., 2013; Eves-van den Akker et al.,
2014; Elling and Jones, 2014; Noon et al., 2015; ) and several have been shown
to perform virulence functions for the nematode (Hewezi et at., 2010; Patel et
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al., 2010; Lee at et. 2011; Haegeman et al., 2012; Hamamouch et al., 2012;
Chronis et al., 2013; Hewezi et al., 2015;). Multiple cell wall-modifying
enzymes such as cellulases, pectate lyases, and cellulose-binding proteins are
secreted from the esophageal gland cells (Smant et al., 1998; Hewezi et al.,
2008; Rehman et al., 2009; Palomares-Rius et al., 2014). These proteins aid
nematode migration and some are thought to facilitate the massive cell wall
changes associated with the formation of the syncytium. A functional chorismate
mutase protein is secreted from the nematode’s esophageal gland cells and has
been shown to alter the shikimate pathway in planta (Bekal, 2003). Other cyst
nematode effectors have been shown to mimic CLAVATA3/ESR (CLE)
signaling peptides within the plant and consequently affect plant growth ( Lu et
al., 2009; Olsen and Skriver, 2003; Repolge et al., 2011; Wang et al., 2005;
Wang et al., 2010; Wang et al., 2011). These well-characterized cyst nematode
effectors have revealed important details of the plant-nematode interaction, but
they only represent a small portion of the soybean cyst nematode’s effectorome,
which currently stands at over 70 proteins (Gao et al., 2001; Gao et al., 2003;
Noon et al., 2015; Wang et al., 2005). The majority of these effectors remain
uncharacterized and have no predicted functions.
In H. glycines, 25A01 proteins are represented by three distinct isoforms
(GenBank IDs: AF500018; AF500019; AF473830) that were previously
identified from H. glycines gland-enriched cDNA libraries (Gao et al., 2001).
All isoforms contain predicted N-terminal secretion signals and their mRNAs
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were all shown to be expressed specifically within the dorsal gland cell of
parasitic stages of H. glycines, indicating that all three proteins are likely to be
secreted into host plant tissues during syncytium induction and formation. These
three effectors share 86-95% amino acid identity (Fig. 1). Attempts to infer
functions of these proteins using computational tools have been unproductive, as
this protein family has no significant homologs in the NCBI non-redundant
database (Blastp) and functional domains could not be detected in any of its
members (Interpro-scan). The timing of their expression has been further
elucidated in a microarray experiment which showed that Hg25A01-related
mRNAs were specifically up-regulated in the parasitic second-stage juvenile (J2)
nematode (Ithal et al., 2007). This stage of development coincides with the early
establishment of the syncytium within the host plant, again indicating that
Hg25A01 likely plays a role in early stages of feeding site formation.
In this study, we report the next advancements in our understanding of
this complex effector family. We initiated functional characterization of 25A01
effectors using the model plant Arabidopsis, which is host to the sugar beet cyst
nematode H. schachtii (Sijmons, 1993), a close relative of H. glycines. For this
purpose we identified a homologous H. schachtii cDNA, which we named
Hs25A01. We determined that Hs25A01 has biological function in Arabidopsis
and has significant virulence function for the nematode. Furthermore, we
compiled a list of Arabidopsis proteins that interact with Hs25A01 enabling
more detailed functional characterizations.
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Results
Isolation of the Sugar Beet Cyst Nematode Hs25A01
A PCR primer pair (Suppl. Table 1) based on conserved 5’-regions of H.
glycines 25A01 isoforms was used to amplify H. schachtii cDNA, and 3’-race
was used to isolate a 630 bp fragment, which contained a 3’ poly-A tail and
start/stop codons that delineated an open reading frame with highest similarity to
Hg25A01 and overall showed 73-77% amino acid identity with the predicted
proteins of the three H. glycines isoforms of 25A01 (Fig. 1). We therefore
named this sequence Hs25A01. In situ hybridization to H. schachtii specimens
using an anti-sense probe specific for Hs25A01 showed specific signals within
the dorsal esophageal gland cell of H. schachtii (Fig. 2 A), which is the same as
was observed for the H. glycines isoforms (Gao et al., 2003).
Hs25A01 localizes to the cytoplasm in planta
Effector proteins secreted by plant-parasitic nematodes have been shown
to localize to specific subcellular compartments and to perform diverse functions
within plant cells (Baum et al., 2007; Davis et al., 2004; Davis et al., 2008;
Hewezi and Baum, 2013; Mitchum et al., 2013). Knowing where an effector
localizes within the host cell can provide clues about the role it plays during
parasitism and help validate interacting host factors. To determine the
subcellular localization, a Hs25A01-GFP-GUS expression construct without the
native signal peptide sequence was bombarded into onion epidermal cells.
Fluorescence microscopy revealed GFP signals were localized within the
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cytoplasm of onion cells (Fig. 2 B). Similarly, GUS assays also determined a
cytoplasmic localization (Fig. 2 C). These results suggest that the Hs25A01
effector likely functions within the cytoplasm of the host plant cell.
Constitutive expression of Hs25A01 leads to longer Arabidopsis roots and
increased susceptibility to H. schachtii infection.
To analyze the potential role of Hs25A01 in H. schachtii infection, we
constitutively expressed the coding sequence without the signal peptide in A.
thaliana ecotype Columbia-0 (Col-0). Three non-segregating T3 Hs25A01expressing lines (3-2, 7-1, and 15-3) were selected and tested for transgene
expression using quantitative real-time RT-PCR (Fig. 3 A). The Hs25A01
transcript was detected in all three non-segregating lines and could not be
detected in untransformed Col-0 controls. Quantification of the relative
transcript abundance revealed that line 15-3 showed significantly higher mRNA
expression than the other two lines (Fig. 3 A).
Certain cyst nematode effectors are known to alter root growth and
morphology when expressed in planta (Hewezi et al., 2008; Hewezi et al., 2010;
Lee et al., 2011; Wang et al., 2005;). To investigate the impact of Hs25A01
expression on root development, a comparative root growth experiment was
performed using the three Hs25A01-expressing lines grown simultaneously
alongside wild-type Col-0. Root lengths were recorded 10 days after planting.
All three Hs25A01-expressing lines had root lengths that were on average 8%
longer than those of Col-0 controls (p-value <0.001, two-tailed students t-test)
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(Table 1). These data indicate that the nematode protein Hs25A01 has
biological function in planta that promotes root growth.
To determine whether Hs25A01 also has a virulence function, the three
Hs25A01-expressing lines were used in nematode susceptibility assays
alongside untransformed Col-0 controls. In these assays we determined the
number of J4 female nematodes that developed at 21 days post inoculation as a
quantification of susceptibility. All three Hs25A01-expressing lines on average
showed a statistically significant increase of up to 22% (P-value<0.05, LSM test)
in the number of developing J4 females compared to Col-0 controls (Fig. 3 B).
These data indicate that Hs25A01 when present in plant cells is conducive to
nematode parasitism, increasing the susceptibility of the host plant to nematode
infection.
Expression of a Hs25A01 RNAi construct in Arabidopsis plants reduces
susceptibility to H. schachtii infection.
Silencing effector transcripts in invading cyst nematodes by expressing
target-specific hair-pin RNAi constructs in Arabidopsis has been successfully
demonstrated (Sindhu et al., 2009). To further scrutinize the virulence function
of Hs25A01 suggested by our in planta expression data, we generated
homozygous, non-segregating transgenic Hs25A01-RNAi lines and used RTPCR assays to identify a line in which expression of the PDK-intron of the
hairpin construct was detectable. Line 8-2 showed detectable intron presence,
while three other transgenic lines were negative for intron detection (Fig. 3 D).
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When these four lines were tested for nematode susceptibility, only line 8-2
showed significant reduction in the number of J4 females when compared to
Col-0 as well as the lines without detectable PDK-intron (P-value <0.05, LSM
test) (Fig. 3 C). These data support the virulence function of Hs25A01 during
nematode infection suggested by our in planta expression experiments.
Hs25A01 interacts with multiple host proteins in planta.
Identifying interacting plant proteins can help decipher the function of an
effector. Previously characterized nematode effectors have been found to
interact with a wide array of plant proteins, interfering with their functions and
promoting successful infection (Hamamouch et al., 2012; Hewezi et al., 2008;
Hewezi et al., 2010; Hewezi et al., 2015; Hewezi and Baum 2013; Lee et al.,
2011; Repolge et al., 2011; Patel et al., 2010). To identify Arabidopsis proteins
that interact with Hs25A01, the effector protein without a signal peptide was
expressed as bait in a yeast 2-hybrid (Y2H) screen against prey libraries
containing transcripts from H. schachtii-infected Arabidopsis roots (Hewezi et
al., 2008). After screening 1.5 × 107 yeast colonies, 173 colonies were selected
due to their ability to grow on selective auxotrophic media (SD/-Leu/-Trp/-His/Ade) and their ability to express the MEL1 reporter gene. Overall, 51 unique
potentially interacting candidates were identified by sequencing prey plasmids
from these positive colonies. To confirm their specific interaction with Hs25A01,
each prey vector was co-transformed with the Hs25A01-expressing bait vector,
empty bait vector, and bait vector expressing human Lamin C protein. Following
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this method, Hs25A01-specific interactions were confirmed for seven individual
prey clones (Table 2).
To identify which of the seven remaining interacting proteins were the
most likely to function in the plant-parasite interaction, we analyzed tissuespecific and biotic stress-related microarray data sets available from
Genevestigator (www.genevestigator.ethz.ch) to discern expression
characteristics (Fig. 4 A and 4 B). According to this dataset, At5g13930
(Chalcone Synthase CHS) and At4g24690 (ubiquitin-associated zinc-finger and
PB1 domain-containing protein NBR1) show increased expression in root tissue
(Fig. 4 A), while the other two potential interactors At1g78100 (F-box
containing protein AUF-1) and At5g01940 (translation initiation factor eIF-2
beta) both are over-expressed in giant-cells induced by plant-parasitic root-knot
nematodes (Fig. 4 B). According to the transcriptome data published by
Szakastis et al. (2009), the translation initiation factor eIF-2 shows upregulation
in the Heterodera shachtii induced syncytium in Arabidopsis, while CHS, NBR1,
and AUF-1 are down-regulated. Since these data suggest that these four
candidates are likely to be physically present at nematode infection sites in roots,
we concentrated our efforts on characterizing interaction of 25A01 with these
potential interactors. We tested each interacting protein in vivo using
Bimolecular Fluorescence Complementation (BiFC) assays in Nicotiana
benthamiana and in vitro by using pull-down assays (Fig. 5 A and 5 B) to
validate the interactions found in the Y2H. The interaction between Hs25A01
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and three of the four candidate interacting proteins (AUF1, CHS, eIF-2bs) was
confirmed by in planta BiFC after Agrobacterium-infiltration into Nicotiana
benthamiana leaves, whereas the interaction with NBR1 was not (Fig. 5 A) even
when different combinations were used for NBR1-GFP fusion expression (Suppl.
Fig. S1). In vitro pull-down assays produced identical results and confirmed the
interaction of Hs25A01 with AUF1, CHS, and eIF-2bs and no interaction with
NBR1 (Fig. 5 B). Following these analyses we considered AUF1, CHS, and
eIF-2bs very promising candidates for Arabidopsis proteins that specifically
interact with Hs25A01 in vivo.
Effects of Hs25A01-interacting proteins on plant susceptibility
If the three Hs25A01-protein interactions uncovered here are of
biological relevance during cyst nematode infection, mutant plants of the
interacting protein genes might produce altered susceptibility phenotypes. To
investigate this hypothesis, we performed infection assays of mutant lines
harboring T-DNA insertions disrupting the ORFs of the interacting proteins
obtained from SALK and NASC seed stocks. RT-PCR was conducted to
confirm lack of expression of the corresponding genes in these lines (Fig. 6 A).
When we inoculated these knock-out lines with H. schachtii, the eIF-2bs mutant
line showed significantly increased susceptibility compared to Col-0 plants,
while the susceptibility of AUF1 and CHS mutant lines was unchanged (Fig. 6
B). These results strongly support eIF-2bs as a critical Hs25A01 target. On the
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other hand, while AUF1 and CHS mutations did not alter susceptibility, their
importance cannot be ruled out without further experimentation.

Discussion
Hg25A01 and its isoforms represent a unique family of effector proteins
putatively secreted from the dorsal esophageal gland cell of H. glycines. In order
to characterize the potential roles that this family of proteins may play in cyst
nematode infection, we cloned an orthologous coding sequence from the closely
related cyst nematode species Heterodera schachtii (Hs25A01). The full-length
clone isolated from H. schachtii shares 73-77% amino acid identity with the
three H. glycines isoforms (Fig. 1). In situ hybridization using a Hs25A01 probe
reveled that this gene also shares the same dorsal gland cell expression pattern as
the H. glycines isoforms (Fig. 2 A). These strong similarities between this H.
schachtii clone and those from H. glycines make it likely that protein family
members carry out similar functions in both species during infection of their
respective host plants. While amplifying the 25A01 effector from Heterodera
schachtii, we isolated multiple clones that showed small sequence divergences
akin to those seen between the members of the 25A01 family in H. glycines
(data not shown).The presence of multiple 25A01 family members in both
species of cyst nematode could be an indication that this protein family is under
diversifying selection, which is a frequent feature of effector proteins (Dodds,
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2010) as their close contact with host factors forces them to diversify quickly to
avoid detection by the plant immune system.
In order for a protein to be a true effector it must have a function within
the host plant that promotes infection by the invading pathogen. In this study we
have shown that Hs25A01 carries-out such a function. Transgenic Arabidopsis
expressing Hs25A01 showed a statistically significant increase in susceptibility
to H. schachtii infection compared to the wild type Col-0 controls (Fig. 3 B), and
expression of a Hs25A01-RNAi silencing construct led to the opposite effect
(Fig. 3 C). These data indicate that Hs25A01 performs a function in planta that
enhances the nematode’s ability to infect.
In addition to affecting plant susceptibility to cyst nematode infection,
we have also shown that Hs25A01 causes morphological changes when
expressed in planta by increasing length of the primary root. The increase in
primary root length and the concomitant increase in nematode susceptibility may
suggest that the increased root length is responsible for increased nematode
infection rates. However, this conclusion is not supported by previous studies of
the H. schachtii-Arabidopsis interaction when observing moderate changes in
primary root length. Previous studies have found that cyst nematode infection
does not correlate with root-length (Hewezi et al., 2008; Hewezi et al., 2012;
Hewezi et al., 2015;Wubben et al., 2001). Moreover, the penetration rate of J2
H. schachtii has been shown to be the same between wild-type and other
transgenic/mutant Arabidopsis roots with longer root phenotypes (Hewezi et al.,
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2008; Hewezi et al., 2012). These observations lead us to conclude that the
increase in nematode susceptibility observed in Hs25A01-expressing lines is not
a result of the longer root length but is likely due to a virulence function carried
out by the effector within the plant cell. The conclusion that Hs25A01 has a
virulence function is further supported by the reduced susceptibility phenotype
observed for the Arabidopsis line expressing the Hs25A01 RNAi construct.
The susceptibility and morphological phenotypes observed in our
transgenic lines lead us to conclude that this effector protein likely causes
developmental changes within the plant root. When considering that
development of the syncytium in many aspects is similar to cell growth and
maturation, it is not surprising that an effector shown to increase susceptibility to
H. schachtii also alters root length. This conclusion is supported by
observations in previous studies showing that the expression of Hg25A01
specifically increases during the early nematode development stage that
coincides with the establishment of the feeding site, when the nematode must
secrete effectors that facilitate the development of the syncytium (Ithal et al.,
2007). Indeed, other nematode proteins that have been shown to support
syncytium development show a similar expression pattern (Hewezi et al., 2008;
Lee et al., 2011).
The localization of Hs25A01 to the plant cell cytoplasm (Fig. 2 B and
Fig. 2 C) indicates that this effector could directly or indirectly modulate cell
growth or division through alteration of cytoplasmic processes by interacting
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with factor(s) within the host plant. In the current study we identified CHS, eIF2b and AUF1, which all are predicted to be cytoplasmic, as bona fide interactors
of the Hs25A01 effector.
CHS encodes a chalcone synthase, which is a key enzyme in the
flavonoid biosynthetic pathway that produces plant defense compounds
including salicylic acid (SA) and phytoalexins (Dao et al., 2011). SA is a plant
hormone known to be synthesized by plant cells in response to a diverse range of
biotrophic phytopathogens and known to induce both local and systemic
resistance including expression activation of primary pathogenesis-related
proteins (Dempsey et al., 1999; Loake and Grant, 2007; Shah and Klessig, 1999;
War et al., 2011). Phytoalexins are a broad group of plant-specific secondary
metabolites that have antimicrobial activity towards a variety of pathogens and
also act as molecular markers of disease resistance (Grayer and Kokubun, 2001;
Huffaker et al., 2011). Therefore, by interacting with CSH, Hs25A01 could
interfere with this enzyme’s function thereby suppressing defense responses
against nematodes. It appears plausible that Hs25A01 reduces the plant’s ability
to defend against nematode infection, consistent with the observed increased
susceptibility in Hs25A01 expression lines. If Hs25A01 interference of CHS
during nematode infection is strong or near complete, a knockout of CHS may
not further increase plant’s susceptibility, which could explain why these
mutants did not show altered susceptibility in our assays. On the other hand,
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CHS is a member of a gene family and knock out effects for one member may
be masked by the other members.
Hs25A01 interaction with the AUF1 F-box protein also could point
towards significant parasitism strategies. F-box-containing proteins direct
substrate proteins to the E3 ubiquitin ligase complex for ubiquitination and
eventual degradation and have been shown to play roles in plant-pathogen
interactions (Gagne et al., 2002; Magori and Citovsky, 2011). Moreover, it was
shown that AUF1 is involved in controlling root growth (Zheng et al., 2011).
Absence of AUF1 functional protein leads to a change in response to the polar
auxin transport. The plant hormone auxin controls a wide range of growth,
development and maturation processes in plants including root and shoot
configuration (Friml et al., 2003). Auxin also is involved in the initiation and
development of nematode feeding sites (Hewezi et al., 2014; Absmanner et al.,
2013; Balasubramanian and Rangaswami, 1962; Cabrera et al., 2015; Goverse et
al., 2000; Goverse and Bird, 2011; Grunewald et al., 2009; Karczmarek et al.,
2004; Lee et al., 2011; Viglierchio and Yu, 1965), and auxin-insensitive plant
mutants exhibit altered nematode susceptibility (Goverse et al., 2000; Mazarei et
al., 2003; Richardson and Price, 1984; Wubben et al., 2004). In our case, we
hypothesize altered functionality of AUF1 by an Hs25A01-AUF1 complex that
promotes successful syncytium formation and, in the case of Hs25A01 overexpressing lines, leads to enhanced root growth. Lack of an AUF1 knock out
phenotype may indicate genetic redundancy in this parasitic strategy, in that
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other family members are targeted by additional effectors and can compensate
for the loss of AUF1.
The translation initiation factor eIF-2 beta subunit (eIF-2bs) is the third
25A01-interacting protein and has been shown to be highly expressed in
response to root-knot nematode infection (Fig. 4 B). Interestingly, eIF-2bs
knockout mutants show significantly enhanced nematode susceptibility (Fig. 6
B). This observation becomes even more meaningful when considering that an
eIF-2bs homolog was shown to play a role in the innate immune response in
wheat and also was shown to be specifically induced by the stripe rust pathogen
Puccinia striiformis (Zhang et al., 2013). There are five types of translation
initiation factors in eukaryotic cells and participation in plant resistance to
pathogens was indeed shown for some eIFs. eIF-5A is involved in pathogeninduced cell death in Arabidopsis and the control of disease symptom
development upon infection with Pseudomonas syringae (Hopkins at al., 2008).
Similarly, eIF4E and eIF4G participate in resistance development against viruses
in multiple plant species (Albar et al., 2006; Lee et al., 2010; Wang and
Krishnaswamy, 2012). Since the molecular mechanisms of how eIFs influence
plant resistance is not clear, we hypothesize that Hs25A01 interferes with eIF2bs function by physically binding to it and, thereby, repressing cell translation
mechanisms, possibly to prevent defense protein synthesis.
Further studies are required to understand exactly how Hs25A0l
modulates functionality of these proteins and influences the parasitism by H.
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schachtii. Further research is also needed to determine whether the other
members of the 25A01 effector family interact with the same set of host proteins
and act through the same mechanism or if they have different targets.

Experimental Procedures
In situ hybridization of effector transcripts
Specific forward and reverse primers were designed for the coding
sequence of the Hs25A01 transcript (Suppl. Table 1). These primers were used
to amplify an amplicon 90 bp in length from cDNA pools generated from H.
schachtii. This amplicon was used as a template in a unidirectional PCR
reaction to produce single stranded digoxigenin (DIG)-labeled probes candidate
effector transcript. Unidirectional PCR was performed in 25µL volumes using a
DIG-nucleotide labeling kit (Roche). In situ hybridizations were performed on
mixed parasitic stages of H. schachtii as previously described (de Boer et al.,
1998). Nematodes were fixed in a 2% formaldehyde solution. Fixed nematodes
were permeabilized by hand cutting with a razorblade on a glass slide in
combination with a partial proteinase-K digestion (20mg/mL, 30 min RT). DIGlabeled probes were hybridized to permeabilized tissue over night at 50°C.
Hybridized probes within the nematode were detected using anti-DIG antibody
conjugated to alkaline phosphatase and its substrate. Samples were then
visualized using a Zeiss Axiovert 100 inverted light microscope.
In planta subcellular localization
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The Hs25A01 coding sequence was amplified without the signal peptide
sequence using specific primers containing the restriction sites EcoRI and EagI
on the 25A01-F forward and 25A01-R reverse primers (Suppl. Table 1). The
resultant fragment was cloned in to pRJG23 vector (Grebenok et al., 1997),
which resulted in to a construct containing Hs25A01 fused with the coding
sequence of GFP and a GUS reporter gene under the control of a double CaMV
35S promoter. The construct was sequenced using Sanger technology. The
Hs25A01 fusion construct was bombarded into onion epidermal cells using
Biolistic Particle Delivery System (Bio-Rad) as described in previous studies
(Elling et al., 2007). Bombarded onion epidermal peels were incubated in the
dark for 24 hours at 26°C. GFP fluorescence was assessed and photographed
using Zeiss Axiovert 100 inverted microscope. Bombardment was repeated 3
times in independent experiments.
Generation of transgenic Arabidopsis
The Hs25A01 coding sequence was amplified without the signal
peptide sequence using specific primers containing the restriction sites BamHI
and SacI on the 25A01-F2 forward and 25A01-R2 reverse primers (Suppl. Table
1). The resultant Hs25A01 fragment was cloned into the pBI121 binary vector.
This created a T-DNA cassette containing the Hs25A01 coding sequence under
the control of the CaMV 35S promoter. The construct was confirmed using
Sanger sequencing, and transformed into Agrobacterium tumefaciens strain C58
using the freeze thaw method (An et al., 1988). A. tumefaciens transformed with
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the Hs25A01 expression construct were used to transform Arabidopsis thaliana
ecotype Columbia-0 using the previously described floral dip method (Clough
and Bent 1998). T1 seeds were screened on MS media containing 50mg/L
kanamycin, to select for the presence of the NPTII selection marker. Transgenic
lines were self-fertilized and selected to the T3 generation, and segregation was
used to determine stable carrier transgenic lines.
RNAi constructs were generated using pHANNIBAL vector system
(Wesley et al., 2001). A 293 base pair region of the Hs25A01 coding sequence
was amplified using primers 25A01-RNAi-F and 25A01-RNAi-R containing the
restriction sites XhoI-BamHI and EcoRI-HindIII respectively (Suppl. Table 1). A
293 base pair region of the Hs25A01 coding sequence was amplified using
primers 25A01-RNAi-F and 25A01-RNAi-R containing the restriction sites
XhoI-BamHI and EcoRI-HindIII respectively (Suppl. Table 1). The amplicon
was first cloned into the pHANNIBAL vector in the sense direction using
BamHI and HindIII, followed by cloning the antisense direction using XhoI and
EcoRI on the opposite side of the PDK intron. This produced a hairpin construct
expressed under the control of the CaMV 35S promoter and the OCS terminator
sequences. The construct was confirmed using Sanger sequencing, and the entire
hairpin cassette was transferred to the pART binary vector using restriction site
NotI. The Hs25A01 hairpin construct was used to transform Arabidopsis
thaliana ecotype Columbia-0 using the previously described floral dip method
(Clough and Bent 1998) . Transgenic lines were self-fertilized and selected to
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the T3 generation, and segregation was used to determine stable carrier
transgenic lines.
Quantitative Real-Time-RT-PCR
Total RNA was isolated from 3 separate biological replicates of each
Hs25A01 expressing line and wild type (ecotype Columbia-0), using the Perfect
Pure RNA fibrous tissue extraction kit (5 Prime) according to the manufacturer’s
instructions. DNAse treatment was performed with the DNAse I provided with
the kit. Gene specific primers (Hs25A01-F3 and Hs25A01-R3) for the Hs25A01
coding sequence and Arabidopsis Actin-2 (AT3G18780) were designed. 1 ng of
DNAse treated RNA and the appropriate primer pairs [10mM each] were used in
a 15uL reaction for cDNA synthesis and PCR reaction with component mixtures
from a One-step RT-PCR kit (Quanta). The PCR reactions were run in an ICycler (Bio-Rad) using the following program: 50°C for 10 min, 95°C for 5 min,
and 40 cycles of 95°C for 30 sec and 60°C for 30 sec. Following PCR
amplification, the reactions were subjected to a temperature ramp to create the
dissociation curve, determined by changes in fluorescence measurements as a
function of temperature, by which the nonspecific products can be detected. The
dissociation program was 95°C for 1 min, 55°C for 10 sec, followed by a slow
ramp from 55°C to 95°C. Four technical replicates of each reaction were
performed, averaged, and then normalized to the internal control (Actin-2).
Expression levels of the transgene were calculated a using the 2-∆∆CT method
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(Livak and Schmittgen 2001). The lowest expression level (line 7-1) was used as
reference.
RT-PCR verifying gene expression in RNAi and knock-out lines
Total RNA was extracted and treated with DNAse as described above.
cDNA was synthesized with the use of Superscript III reverse transcription kit
(Invitrogen) and hexamer random primers. The PCR reactions were run in an ICycler (Bio-Rad) using the following program: 95°C for 4 min followed by 45
cycles of 94°C for 10 sec, 56°C for 30 sec and 72°C for 45 sec.
For PDK intron, primers (PDK-F and PDK-R) were designed to produce
250 bp DNA fragment, Actin-2 primers (Actin2-F and Actin2-R) amplify 130 bp
fragment, and Actin-2 intron primers (Actin2-intron-F and Actin2-exon-R)
produce 200 bp fragment from genomic DNA.
In order to investigate altered susceptibility to cyst nematodes, following
transgenic T-DNA insertion lines were obtained from respective sources; AUF1
(SALK_069429 and SALK_022582), CHS (NASC CS66119), eIF-2bs
(SALK_072548 and SALK_051488). To quantitate candidate gene expression in
these lines, RT-PCR was conducted using following primers; AUF-Fq and AUFRq, CHS-Fq and CHS-Rq, eIF-2bs-Fq and eIF-2bs-Rq.
Root length assay
Seeds from each of the three non-segregating lines as well as wild type
(Columbia-0) were surface sterilized (50% bleach for 5 min followed by 3X 5
min washes with sterile distilled water) and planted into 4-well polystyrene
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rectangular plates (Thermo Scientific) containing MS media. Eight separate
plates were used containing at least 15 seeds from each line, each line was
planted in each relative well position twice to negate potential effects of well
position on growth. Plates were placed vertically and incubated at 23°C under
16-h-light/8-h-dark conditions. After 10 days root lengths were measured in a
blinded fashion as the distance between the crown and the tip of the root in three
independent experiments. At least 100 combined data points were collected for
each line. Statistics for the difference between the mean root length of each
transgenic line and wild type controls were calculated using a two-tailed
Student’s t-test.
Infection assay
Seeds from all three Hs25A01 expressing and four 25A01-RNAi
Arabidopsis lines, non-segregating homozygous SALK, SAIL, and NASC
knock-out lines for AUF1 (SALK_069429 and SALK_022582), CHS (NASC
CS66119), eIF-2bs (SALK_072548 and SALK_051488), and Wild type
(Columbia-0) controls were surface sterilized as described above. Individual
sterilized seeds were planted in individual wells of 12-well culture plates
(Falcon) containing modified Knop’s medium in a randomly blocked experiment
using 60 seeds from each line. Plates were grown at 25°C under 16-h-light/8-hdark conditions. Two week old seedlings were inoculated with ~250 preparasitic J2 Heterodera schachtii per seedling that were surface sterilized using a
previously described protocol (Baum et al., 2000). Inoculated plants were grown
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under the same conditions for an additional 3 weeks. After which, each plant
was individually scored for the number of J4 female nematodes. P-values for the
difference in the average number of J4 females between Hs25A01 expressing
lines and wild type were calculated using a least squares mean model
(nematode=plate genotype) (SAS).
Yeast two-Hybrid assays
A Yeast two-Hybrid (Y2H) screening was performed as described in
the BD Matchmaker Library Construction and Screening Kits (Clonetech). The
Hs25A01 coding sequence was amplified without the signal peptide using
specific primers (25A01-F4 and 25A01-R4) containing the restriction sites
EcoRI and BamHI on the forward and reverse primers respectively. The
attached restrictions sites were used to directionally clone the amplified
Hs25A01 fragment into the multiple cloning site of the pGBKT7 bait vector to
produce a fusion construct of Hs25A01 bound to the GAL4 DNA binding
domain (BD). This construct was verified by sequencing, and transformed into
Saccharomyces cerevisiae strain Y187 to create the bait strain. The previously
generated prey libraries in the compatible S. cerevisiae strain AH109 using
cDNA made from the roots of Arabidopsis infected with H. schachtii at 3, 7, and
10 days after infection were used for mating (Hewezi et al., 2008). Screening
and subsequent co-transformation analysis of interacting prey vectors was
conducted according to Clonetech protocols, using the empty bait vector as well
as unrelated human protein Lamin-C containing bait vector as negative controls.
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Bimolecular Fluorescence Complementation assay
The coding sequences of the interacting proteins were amplified using
primer pairs with appropriate restriction enzyme sites: Hs25A01, 25A01-F5 and
25A01- R5 containing EcoRI and BamHI, AUF1, AUF1-Fand AUF1-R with
BglI and PstIsites, CHS, CHS-Fand CHS-R containing BglI and BamHI, eIF-2bs,
eIF-2bs-F and eIF-2bs-R containing HindIII and KpnI, NBR1, NBR1- Fand
NBR1- R with HindIII and KpnI, At-DJ1a , AtDJ1a- F and AtDJ1a- R
containing HindIII and BamHI, using high fidelity proof-reading Encyclo
Polymerase (Evrogen.com). Amplified PCR fragments were purified from
reaction mixture by Silica powder kit (Invitrogen) and T-tailed by GoTaq
(Promega) polymerase (incubated at 72oC for 10 min) and cloned into pGEM-T
easy vector (Promega). Recombinant plasmids containing CDS of genes were
digested with corresponding restriction enzymes and cloned into pSAT4cEYFP-С1 and pSAT4-cEYFP-N1 (Hs25A01), and pSAT6-nEYFP-С1 and
pSAT6-nEYFP-N1 (AUF1, CHS, eIF-2bs, and NBR1) resulting in expression
constructs containing each gene fused with partial YFP sequence from N’- and C’
termini. Hs25A01-cEYFP and interactors-nEYFP fusion constructs were
digested from pSAT plasmids using I-SceI (for pSAT4) and PI-PspI (for pSAT6)
restriction enzymes respectively and ligated to a single binary vector pPZPRCS2 digested with I-SceI and PI-PspI. A fusion protein of At-DJ1a (At3g14990,
a nucleo-cytoplasmic protein (Xu et al., 2010) was used as a negative control to
confirm the specificity of the BiFC interaction. The Agrobacterium tumefaciens
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GV3101 strain cells harboring each of constructs were delivered to
N.benthamiana leaves using infiltration method described previously (Pogorelko
et al., 2014). A positive protein-protein interaction, seen as a fluorescent GFP
signal, was assessed and photographed using a Zeiss Axiovert 100 fluorescent
microscope.
In Vitro Protein Expression and Pull-Down Assay
The Hs25A01 was amplified using gene-specific forward and reverse
primers (25A01-F6 and 25A01-R6) containing NdeI and BamHI sites, and
ligated to the pET-15b vector (Novagen) containing an N-terminal 6xHis tag.
The N-terminal HA-tagged AUF1 (AUF1-FBglI and AUF1-RPstI), CHS (CHS-FBglI
and CHS-R BamHI), eIF-2bs (eIF-2bs-FHindIII and eIF-2bs-RKpnI), NBR1 (NBR1FHindIII and NBR1- RKpnI) were generated by removing the N-terminal 6xHis tag
sequence from the pET-15b vector and replacing it with the HA-sequence, using
restriction sites AUF1 (AUF1-F2-HANcoI and AUF1-R2 XhoI), CHS (CHS-F2-HA
NcoI

and CHS-R2 XhoI), eIF-2bs (eIF-2bs-F2-HA NcoI and eIF-2bs-R2NdeI), NBR1

(NBR1- F2-HA NcoI and NBR1- R2NdeI). Resultant pET-15b recombinant
plasmids were transformed into Escherichia coli (BL21 codon plus) using the
heat shock method. Transformed E. coli cells were incubated in 4 mL of
lysogeny broth medium at 37°C for 2.5 h at 150 rpm. When the cells reached an
OD600 of 0.5 to 0.6, 0.5 mM isopropyl-β-D-thiogalactopyranoside (IPTG) was
added and the culture was incubated at 37°C for an additional 3 h. IPTG-induced
cells were pelleted and lysed using lysis buffer (1 mg mL−1 lysozyme, 20 mM
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HEPES, 100 mM NaCl, and 5 mM MgCl2, pH 7.0) for 1 h at room temperature
followed by five freeze/thaw cycles in liquid nitrogen. Lysate containing soluble
proteins was separated from the insoluble pellet by centrifugation at 13,000 rpm
for 10 min.
In vitro pull-down assays were performed using Ni-NTA affinity resin
(Thermo Scientific; 88221) following manufacturer’s instruction. Protein lysates
(1 mg of total crude protein) were mixed with 300 µL of equilibration buffer (20
mM sodium phosphate, 300 mM sodium chloride, and 10 mM imidazole, pH
7.4). The mixture was then added to the affinity resin and incubated at 4°C
overnight with end-to-end shaking. The Ni-agarose (Ni-NTA) was washed with
500 µL of wash buffer (20 mM sodium phosphate, 300 mM sodium chloride,
and 25 mM imidazole, pH 7.4) twice and eluted with 200 µL of elution buffer
(20 mM sodium phosphate, 300 mM sodium chloride, and 250 mM imidazole,
pH 7.4). All fractions were analyzed by western blotting with tag-specific
antibodies.
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Supporting information legends:
Figure S1.
Scheme of the constructs used for in planta BiFC assay. All combinations of Nand C-terminal fusion proteins were experimentally tested. The same results
were obtained for all variants.

Figure legends:
Figure 1. Amino acid alignment of the 25A01 protein family members cloned
from both Heterodera glycines and Heterodera schachtii (PRALINE multiple
alignment software). Consistency numbers denote the degree to which each
residue position and its chemical properties are conserved within all four
proteins.

Figure 2. In situ hybridization and subcellular localization of Hs25A01.
(A) In situ hybridization of the Hs25A01 transcript using a DIG-labeled,
Hs25A01 transcript specific anti-sense probe indicating dorsal gland localized
Hs25A01 expression in H. schachtii.
(B) Bombardment of the Hs25A01:GFP:GUS fusion construct on onion
epidermal cells produced a fluorescent signal that was visible within the
cytoplasm. B1 – GFP fluorescence, B2 – bright field, B3 – overlay.
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(C) Cytoplasmic localization of the Hs25A01 fusion was also confirmed using
GUS staining. (For subcellular localization experiments the signal peptide of
Hs25A01 was not included.)
Bars = 10 µm in (A) and 100 µm in (B), (C).

Figure 3. Analysis of transgenic Arabidopsis lines expressing and silencing
Hs25A01.
(A) Comparison of the relative expression level of the Hs25A01 transcript
within three independently transformed non-segregating homozygous lines.
(B) Susceptibility of Hs25A01-expressing lines to infection by H. schachtii. All
three lines showed a significant increase in the average number of developing J4
female nematodes compared to untransformed Columbia-0 controls (P-values
displayed above each bar).
(C) Assessment of RNAi construct expression in Hs25A01-RNAi lines via RTPCR detection. PDK intron presence indicated successful expression of the
RNAi construct, which contains the PDK intron linking the double-stranded
RNA regions. Actin-2 was used as an internal standard, and the amplified Actin2 product indicated uniform quality and amount of cDNA in all reactions. A
RT-PCR primer pair to an Actin intron was used to rule out genomic
contamination, i.e., the observed lack of amplified product in these reactions
documented that the PDK intron amplification was from expressed RNA.
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(D) Susceptibility of Hs25A01-RNAi plants to infection by H. schachtii (Pvalues displayed above each bar). Line 8-2 showed significantly decreased
susceptibility compared to other transgenic lines and Col-0 plants and was the
only line in which the PDK intron from the RNAi construct was expressed.

Figure 4. Microarray data obtained from Genevestigator.
(A) Expression profile of Hs25A01 candidate interactors in various tissues of
Col-0. Interactors AUF1, NBR1, and CHS were found to be expressed within
roots.
(B) Expression profile of Hs25A01 candidate interactors in plants subjected to
biotic stress. Interactors AUF1 and eIF-2bs are over-expressed in root giant-cells
induced by plant-parasitic root-knot nematodes.

Figure 5. Confirmation of Hs25A01 interactions with AUF1, CHS, eIF2bs, and
NBR1.
(A) Epifluorescence images of N. benthamiana leaves infiltrated with
Agrobacterium tumefaciens GV3101 cells harboring cYFP-25A01 and nYFPcandidate or control (DJ-1) expression constructs. Images were taken with a
fluorescence microscope at 4 days post infiltration. Fluorescence was observed
under GFP filter (upper row). Nuclei are stained with DAPI (lower row). Bar
=10 µm.
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(B) Western-blotting for pull-down assay. Native bands represent original
expressed proteins; Elution - protein sample eluted from Ni-agarose (Ni-NTA);
Flow fraction - proteins left in liquid phase after incubation with Ni-NTA.

Figure 6. Characterizing T-DNA insertion lines of interacting proteins.
(A) mRNA accumulation in the T-DNA mutant lines.
mRNA abundance in AUF1, CHS and eIF-2bs mutant lines were determined by
RT-PCR using gene specific primers. The PCR products were resolved on syber
safe-stained 2% agarose gel. No PCR products were detected from cDNA from
homozygous mutant plants (lanes 1,2,4,6 and 7), whereas specific amplifications
were detected after amplification of cDNA from wild-type (Col-0) plants (lane 3,
5 and 8). Arabidopsis Actin-2 was used as an internal control.
(B) Susceptibility of Hs25A01 interactors T-DNA knock-out mutant lines to
infection by H. schachtii. eIF-2bs plants showed a significant increase in the
average number of developing J4 female nematodes compared to untransformed
Columbia-0 controls (P-values displayed above each bar). For each AUF1
(SALK_069429 and SALK_022582) and eLF-2bs (SALK_072548 and
SALK_051488) independent mutant line similar results were observed. Thus
numbers from both alleles were combined.
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Table 1. Comparison of the average root length of Hs25A01-expressing lines compared to
Columbia-0 control. Each transgenic line displayed significantly longer roots then the control.

Line

7-1

3-2

15-3

Col-0

Sample size (n)

105

121

124

122

Average Length (mm)

51.4

51.5

52.5

48.0

Standard Error (± mm)

0.74

0.92

0.80

0.54

t-test (p-value)

0.00027

0.00094

3.5E-06
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Table 2. Putative Hs25A01-interacting proteins from Arabidopsis. Each candidate was identified
as a prey vector in a Y2H screen and then confirmed by co-transformation with the Hs25A01
bait vector. All clones showed enhanced growth on the SD-Leu-Trp-His-Ade selective medium
compared to empty bait vector and a non-specific negative control. The positive interaction for
all of the candidates was detected as a blue color when the co-transformed yeast lines were
grown on SD/-Leu/-Trp media containing 5-Bromo-4-chloro-3-indolyl-α-D-galactopyranoside
(X-alpha –Gal)
Arabidopsis
Gene Description
Gene
At1g78100 (AUF1)

F-box containing protein

At1g07240 (UGT)

UDP-glucosyl transferase 71C5

At1g08110
lactoylglutathione lyase
(LGL)
Chalcone Synthase

At5g13930 (CHS)

ubiquitin-associated (UBA) zinc-finger
At4g24690 (NBR1)
and PB1 domain-containing protein
At5g01940

translation initiation factor eIF-2 beta

(eIF-2bs)

subunit

At1g33290
putative stage III sporulation protein
(NTH)
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