
Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalInformation?journalCode=tjpi20

Journal of Plant Interactions

ISSN: (Print) (Online) Journal homepage: https://www.tandfonline.com/loi/tjpi20

Nonhost Kitaake rice displays phenotypic
characteristics of host resistant wheat and
molecular biomarkers of both resistant and
susceptible wheat in response to feeding by
Hessian fly larvae

Subhashree Subramanyam & Jill A. Nemacheck

To cite this article: Subhashree Subramanyam & Jill A. Nemacheck (2021) Nonhost Kitaake
rice displays phenotypic characteristics of host resistant wheat and molecular biomarkers of both
resistant and susceptible wheat in response to feeding by Hessian fly larvae, Journal of Plant
Interactions, 16:1, 156-165, DOI: 10.1080/17429145.2021.1912421

To link to this article:  https://doi.org/10.1080/17429145.2021.1912421

This work was authored as part of the
Contributor's official duties as an Employee
of the United States Government and
is therefore a work of the United States
Government. In accordance with 17 U.S.C.
105, no copyright protection is available for
such works under U.S. Law.

View supplementary material 

Published online: 27 Apr 2021. Submit your article to this journal 

Article views: 145 View related articles 

View Crossmark data

https://www.tandfonline.com/action/journalInformation?journalCode=tjpi20
https://www.tandfonline.com/loi/tjpi20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/17429145.2021.1912421
https://doi.org/10.1080/17429145.2021.1912421
https://www.tandfonline.com/doi/suppl/10.1080/17429145.2021.1912421
https://www.tandfonline.com/doi/suppl/10.1080/17429145.2021.1912421
https://www.tandfonline.com/action/authorSubmission?journalCode=tjpi20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=tjpi20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/17429145.2021.1912421
https://www.tandfonline.com/doi/mlt/10.1080/17429145.2021.1912421
http://crossmark.crossref.org/dialog/?doi=10.1080/17429145.2021.1912421&domain=pdf&date_stamp=2021-04-27
http://crossmark.crossref.org/dialog/?doi=10.1080/17429145.2021.1912421&domain=pdf&date_stamp=2021-04-27


PLANT-INSECT INTERACTIONS

Nonhost Kitaake rice displays phenotypic characteristics of host resistant wheat
and molecular biomarkers of both resistant and susceptible wheat in response to
feeding by Hessian fly larvae
Subhashree Subramanyama,b and Jill A. Nemachecka,b

aCrop Production and Pest Control Research Unit, USDA-ARS, West Lafayette, IN, USA; bDepartment of Entomology, Purdue University, West
Lafayette, IN, USA

ABSTRACT
The Hessian fly causes severe economic losses in host wheat. The genome complexity of hexaploid
wheat makes functional characterization of candidate defense genes extremely challenging. Kitaake
rice, a model and simpler genome, exhibits responses resembling nonhost resistance to Hessian fly.
Larvae feeding on Kitaake rice plants do not develop beyond first-instars similar to resistant host
wheat, although, they show prolonged survival. Kitaake nonhost differs from nonhost
Brachypodium, where some larvae develop into second-instars. Kitaake rice plants exhibit a
molecular response similar to not only resistant but also susceptible host wheat for six Hessian fly-
responsive biomarker genes assayed. Further, in Kitaake, lectins and secondary metabolites may
play an important role in early defense preventing the larvae from developing. The phenotypic
and molecular characterization of Kitaake rice reveals its suitability as a surrogate model genome
for undertaking downstream functional genomics studies of candidate wheat genes that respond
to Hessian fly larval attack.
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Introduction

The Hessian fly, Mayetiola destructor (Say), belonging to the
gall midge family (Cecidomyiideae) is an obligate Dipteran
pest of hexaploid bread wheat (Triticum aestivum L.) in
the United States and worldwide (Flanders et al. 2013;
Schmid et al. 2018), leading to economic losses (Smiley
et al. 2004). The life cycle of Hessian fly begins with mated
adult females laying eggs on the leaf surface. The newly
hatched first-instar larvae (neonates) crawl to the base
(crown) of the seedling where they probe the plants to estab-
lish permanent feeding sites. Larval attack on host wheat
plants yields an incompatible or compatible interaction. In
the former, the Hessian fly resistance (H ) gene-mediated
defense responses result in larval death within five days
after egg hatch (5 DAH), leading to a resistant plant showing
normal growth and larvae being avirulent. However, in the
latter, the larvae are virulent and within three days of attack
establish permanent feeding sites and alter the host plant
physiology (Zhu et al. 2008) to provide a diet rich in nutri-
ents (Harris et al. 2006; Saltzmann et al. 2008; Subramanyam
et al. 2015; Subramanyam et al. 2018), allowing the larvae to
develop completely, resulting in a susceptible plant with
stunted height (Byers and Gallun 1972; Stuart et al. 2012).

Deploying resistant wheat cultivars harboring H genes is
the most effective and economical way to manage this insect
pest (Berzonsky et al. 2002; Schmid et al. 2018). To date, 37
genes (H1–H36 plus Hdic) have been identified (Liu et al.
2005; Sardesai et al. 2005; Li et al. 2013; Subramanyam
et al. 2016; Zhao et al. 2020). However, extensive deployment
of resistant wheat lines exerts strong selection pressure on

Hessian fly populations resulting in the development of viru-
lent biotypes (Johnson et al. 2017) posing a severe threat to
wheat production, thereby necessitating the need to identify
and employ alternate strategies that can enhance and comp-
lement native or introgressed H gene resistance.

An alternate, or complementary, effective strategy to H
genes is employing forward genetics that leads to the devel-
opment of wheat lines ectopically expressing Hessian fly
resistance-associated defense response genes and negatively
regulating susceptibility-associated genes. However, the
challenge to such a strategy in hexaploid wheat can be attrib-
uted to its huge genome (∼17 Gb) and associated complex-
ities (Gupta et al. 2008) associated with the presence of
three sets of genomes (AABBDD), and highly repetitive
(85%) genomic sequences (IWGSC Consortium 2018). To
circumvent this issue, we have recently explored the possi-
bility of using surrogate model organisms like Brachypodium
distachyon (Bd), which have a smaller genome size (355 Mb),
shorter life cycle and availability of greater genetic resources,
for undertaking functional analysis of candidate Hessian fly-
responsive genes. Bd plants exhibit a nonhost response with
physical and molecular responses being intermediate
between resistant and susceptible wheat host lines (Hargar-
ten et al. 2017; Subramanyam et al. 2019). However, using
the Bd system may have some limitations as well, since
mutants for all genes are not easily available yet for carrying
out functional analyses.

In the current study, we explore yet another model gen-
ome, Oryza sativa variety Kitaake (377.6 Mb genome size),
for functional genomics of candidate Hessian fly-responsive
genes. Unlike other O. sativa varieties, the Kitaake variety
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offers unique advantages such as rapid life cycle (9 weeks),
ease of transformation and propagation (Jung et al. 2008;
Jain et al. 2019) and the availability of a large collection of
fast-neutron (FN) mutant populations (Li et al. 2017).
Further, Kitaake genome has been explored to understand
various aspects of rice biology including disease resistance
(Liu et al. 2015; Zhou et al. 2018), as well as CRISPR-Cas9
and TALEN technologies (Li et al. 2012; Xie et al. 2015)
for genome editing. Thus O. sativa Kitaake variety has
emerged as an ideal model genome for downstream func-
tional applications. Although, a previous study reported
the interaction of Biotype L Hessian fly with four rice var-
ieties, including Kitaake (Chen et al. 2009), in-depth analyses
of physical and molecular responses were not undertaken.
Here, we characterize the phenotypic and molecular
responses of Kitaake rice variety to Biotype L Hessian fly lar-
val attack and discuss the suitability of utilizing this rice var-
iety for functional genomic studies of candidate Hessian fly-
responsive genes.

Materials and methods

Plant and insect material

Oryza sativa Kitaake (referred to as Kitaake from here on)
seeds were provided by Dr Faik Ahmad (Ohio University).
The Hessian fly (Mayetiola destructor) Biotype L used in
this study were maintained in diapause at 4°C at the
USDA-ARS Crop Production and Pest Control Research
Unit in West Lafayette, IN as per Sosa and Gallun (1973).

Plant growth and infestation

Pots (4-inch) were prepared one day prior to planting seeds
by placing a paper towel in the bottom of each pot, covering
with ProMix BX Mycorrhizae growing medium (Premier
Horticulture Inc., Quakertown, PA) and watering
thoroughly with reverse osmosis water. The following day,
10 dehusked Kitaake rice seeds were sown in each pot. The
pots were then placed in a cold chamber at 4°C for five
days, and then moved to a Conviron growth chamber (Con-
trolled Environment Ltd., Winnipeg, Manitoba, Canada) set
at 26°C with 80% humidity and 20°C with 60% humidity for
12 h day and night cycle, respectively. Pots were placed in a
tray filled with water and were watered daily. After the seeds
germinated, plants were fertilized with Peters Excell 15-5-15
solution (ICL Fertilizers, St. Louis, MO) once a week and
with Sprint 330 iron solution (BASF Corporation, Florham
Park, NJ) twice per week. Trays were replaced periodically
to limit algal growth. When Kitaake seedlings reached the
2-leaf stage, pots were covered with vented plastic cup covers
and 8 females plus 2 male adult Biotype L Hessian flies were
released in each pot.

For undertaking larval size comparisons, host wheat lines
‘Iris’ (resistant) and ‘Newton’ (susceptible) and nonhost
Brachypodium distachyon (Bd) seedlings were also grown
and infested with Biotype L Hessian flies as per Hargarten
et al. (2017).

Larval development and leaf measurement

To document larval development, Biotype L Hessian fly lar-
vae feeding on Kitaake rice seedlings, resistant Iris wheat and

susceptible Newton wheat were photographed at 5, 7, and 12
DAH using the DP27 camera system on a SZX2 stereomicro-
scope (Olympus, Center Valley, PA). The larvae developing
on Bd nonhost plants were photographed on 9 and 36
DAH as described above.

Leaf measurements (from soil level to leaf blade tips) were
taken from a set consisting of 23 Biotype L-infested or unin-
fested Kitaake rice seedlings at 9 DAH time point. Measure-
ments were taken for leaf 1 (L1), 2, (L2), 3 (L3), and 4 (L4).
Significant differences in leaf growth between infested and
uninfested Kitaake seedlings were determined using one-
sided Tukey pairwise comparison (JMP Pro ver. 15, SAS
Institute Inc.). Differences were considered statistically sig-
nificant at p < .05.

Neutral red staining

To determine if the epidermal cell wall integrity is disrupted
by Hessian larval feeding on Kitaake seedling, the crown tis-
sue (feeding site) was stained with neutral red (NR) as
described in Nemacheck et al. (2019). Cell wall permeability
was assessed in Biotype-L infested Kitaake seedlings at 1, 4,
and 9 DAH time points. At each time point, the first leaf
and sometimes second leaf from Hessian fly-infested rice
seedlings were carefully peeled off to expose the crown tissue
(feeding site). Care was taken to avoid injuring or wounding
the tissue during the dissection process. The uninfested
Kitaake seedlings were also dissected in a similar manner
and injured with 0.2 mm minuten pin prior to staining, to
mimic wounding, as positive controls. The plant tissues
were placed in 0.1% w/v NR stain (Sigma-Aldrich,
St. Louis, MO) for 10 min, following which they were
removed from the stain solution and thoroughly rinsed
with water. Degree of staining was scored using the scale
established as per Williams et al. (2011). The scale ranged
from 0 (indicating no stain) to 7 (completely dark red
crown). Representative stained plants at each time point
were photographed using a SZX2 stereomicrosope with a
DP27 camera (Olympus).

Tissue collection and RNA extraction

For gene expression studies Kitaake seedlings were grown
and infested as described above. For tissue collections, the
seedlings were dissected to expose the second leaf sheath.
If the larvae were present on this leaf, the bottom 1.5 cm of
infested crown tissue (feeding site) were collected and
immediately frozen in liquid nitrogen. If no larvae were pre-
sent on sheath 2, the second leaf was peeled back to confirm
the presence of larvae on sheath 3, before harvesting and
freezing in a similar manner. Tissue collections from unin-
fested plants were also performed in a similar fashion to
maintain consistency in the manner of collection. Collec-
tions from 10 infested and uninfested plants were done on
1, 3, 5, and 9 DAH time points per replicate. Tissues were
collected from three biological replicates. RNA was extracted
from the frozen harvested tissue using TRIzol reagent (Life
Technologies Corporation, Carlsbad, CA) as per manufac-
turer’s instructions.
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Transcript profiling

To quantify mRNA abundance, quantitative real-time
reverse transcription PCR (qRT-PCR) was performed for a
select set of genes. These included genes encoding (i) Hessian
fly-responsive biomarker proteins that were previously docu-
mented to be associated with either resistance or suscepti-
bility in wheat, (ii) cell wall-associated proteins, and (iii)
enzymes involved in the biosynthesis of phenylpropanoids
and lignins. Rice orthologs of wheat genes were identified
by BLASTp searches against the NCBI nr database and pri-
mers were designed (Table S1) using Primer Express 3.0 soft-
ware (Applied Biosystems, Foster City, CA). First-strand
cDNA was synthesized using oligo (dT) primers as described
in Subramanyam et al. (2015). The qRT-PCR was performed
on a LightCycler 480 II instrument (Roche Diagnostics Cor-
poration, Indianapolis, IN) with three biological replicates
and three technical replicates for each reaction. Reaction
volume of 10 µl contained 5 µl of 2× SYBR Green I Master
mix (Roche), forward and reverse primers at a final concen-
tration of 0.5 µM each, and 20 ng cDNA template. The PCR
cycling parameters were as follows: 45 cycles of 95°C for 10 s,
60°C for 10 s, and 72°C for 10 s. Melt-curve analysis was per-
formed to determine the amplification of a single product for
each target gene. The housekeeping gene OsGAPDH (Table
S1) was used as an endogenous control gene to normalize
the cDNA levels. Transcript abundance was determined
using Relative Standard Curve method (Applied Biosystems
User Bulletin 2) as described in Subramanyam et al. (2015).
Significant differences in the log2-transformed data were
determined by analysis of variance (ANOVA) using the
PROC Mixed procedure (SAS version 0.4) as described in
Subramanyam et al. (2015). The ANOVA model included
treatments, time-points, biological replicates, and the inter-
action between treatments and time points as fixed effects.
Data from the biological and technical replicates were com-
bined and included as a random effect in the analysis model
and orthogonal contrasts were used to evaluate differences in
treatments at each time point. Differences in transcript levels
in the infested plants as compared to the uninfested controls
at the same time point were considered statistically signifi-
cant if the contrast was p < .05.

Results

Kitaake rice seedlings display resistance phenotype
to Hessian fly larval feeding

By 5 DAH, Biotype L larvae feeding on Kitaake rice seedlings
were in the first-instar larval development stage and
appeared as red larvae (Figure 1(a); rice 5 DAH). This
response was very similar to the phenotypic reaction
observed for the avirulent larvae feeding on resistant host
wheat (Figure 1(a), resistant wheat 5 DAH) and unlike the
virulent white, second-instars feeding on the susceptible
host wheat (Figure 1(a); susceptible wheat 5 DAH). How-
ever, by 7 DAH while all avirulent larvae on wheat were
dead and shrivelled, not all larvae feeding on Kitaake rice
seedlings were dead or shrivelled (Figure 1(a), rice, resistant
wheat 7 DAH). The larvae on susceptible wheat continued
development as second-instars (Figure 1(a), susceptible
wheat 7 DAH). By 12 DAH, larvae on Kitaake rice seedlings
also appeared shrivelled, resembling the avirulent larvae
feeding on resistant wheat, appearing as dead reds (Figure

1(a); rice and resistant wheat 12 DAH). In contrast, most
of the larvae feeding on susceptible host wheat developed
into third-instars (green gut white larvae) with a few of
them pupating by 12 DAH (Figure 1(a); susceptible wheat
12 DAH). By 26 DAH, no larvae were found on Kitaake
rice plants, unlike the phenotypic response observed for lar-
vae feeding on another nonhost, Bd plants. In Bd plants,
many of the larvae were avirulent (appearing as dead reds)
by 9 DAH, similar to the response observed in resistant
host wheat and Kitaake rice seedlings, while some of the lar-
vae developed into small white larvae (Figure 1(b)). Some of
the larvae on nonhost Bd plants were able to survive as small,
white larvae until 36 DAH (Figure 1(b)) but did not complete
their development, unlike the virulent larvae feeding on sus-
ceptible host wheat (this study and Hargarten et al. 2017).

Leaf length does not differ between infested and
uninfested rice seedlings

To assess whether Hessian fly infestation affects the develop-
ment of the leaves in Kitaake rice seedlings, the length of
leaves 1 (L1), 2 (L2), 3 (L3), and 4 (L4) were measured in
Hessian fly-infested and uninfested plants at 9 DAH
(Figure 2). The differences in the lengths of L1, L2, L3, and
L4 leaves from infested plants as compared to the uninfested
control leaves were insignificant (p > .05 for all pairs). The

Figure 1 Comparative phenotypic response of Kitaake rice seedlings to Hessian
fly larval feeding. (a) Representative plants of Kitaake rice plants showing resist-
ance response having first-instar larvae at the base of the crown tissue (the lar-
val feeding site); resistant host wheat Iris showing dead first-instar larvae; and
susceptible host wheat Newton showing larvae at the second-instar (white)
and third-instar developmental stage at 5, 7, and 12 DAH time points. (b) Non-
host Bd (Brachypodium distachyon), where most larvae are dead first-instars,
however, there are some larvae that have developed into second-instars at 9
and 36 DAH, but the larvae are much smaller in size as compared to virulent
larvae feeding on susceptible host wheat, at 7 DAH.
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plant growth was comparable between uninfested and
infested Kitaake rice seedlings.

Cell wall permeability is localized in Kitaake seedlings

Induced cell wall permeability was assessed by staining Bio-
type L-infested Kitaake rice seedlings with neutral red (NR)
stain and the scores compared with those obtained for resist-
ant and susceptible host wheat lines, and the nonhost Bd,
documented previously (Williams et al. 2011; Subramanyam
et al. 2019). Resembling host wheat and nonhost Bd plants,
Hessian fly larval feeding induced epidermal cell wall per-
meability in rice plants as evident by NR stained crown tissue
where the larvae were present, but not in uninfested seed-
lings, unless wounded by piercing with a minuten pin as a
positive control (Figure 3). The NR staining appeared as a
smear, blush or solid lines, and, similar to staining
in resistant wheat, was restricted to the larval feeding site
at the base of the crown tissue. The average NR score
remained the same, temporally, with score intensity of 2.4
± 1.0, 2.9 ± 0.4 and 2.3 ± 0.8, at 1, 4 and 9 DAH, respectively
(Figure 3).

Molecular responses of Kitaake rice seedlings to
Hessian fly larval feeding

Transcript profile of Hessian fly-responsive biomarker
genes
The expression of a set of genes that serve as key biomarkers
during wheat resistance (incompatible interaction) and sus-
ceptibility (compatible interactions), were profiled in Hes-
sian fly-infested rice seedlings over a time-course. The
resistance-associated biomarker genes included OsHfr-1
(Hessian fly response gene 1), OsHfr-3 (Hessian fly response
gene 3), and OsHfrDrd (Hessian fly-responsive dirigent-like
defense protein). In Hessian fly-infested Kitaake plants,
there was significant increase in accumulation of OsHfr-1
and OsHfr-3 transcripts as compared to the uninfested con-
trol plants (Figure 4(a and b)). While OsHfr-1 transcript
accumulation occurred at 1 (43.4-fold; p < .0001), 3 (5.0-
fold; p < .0001) and 9 (2.8-fold; p < .001) DAH time points
in the infested rice plants, the transcripts of OsHfr-3
increased only at 1 DAH (5.3-fold, p < .008) and were not
significantly different on 3, 5, and 9 DAH time points
(Figure 4(b)). OsHfrDrd, unlike in resistant host wheat,
was down-regulated at 1 DAH (1.5-fold; p < .011), in Kitaake
rice plants, and lacked significant difference in expression at
other time points as compared to uninfested control plants
(Figure 4(c)). The susceptibility-associated biomarker genes
included OsMds-1 (Mayetiola destructor susceptibility gene
1), and OsOdc (ornithine decarboxylase). Both the suscepti-
bility-associated genes showed increased transcripts in Hes-
sian fly-infested Kitaake plants as compared to the
uninfested plants (Figure 4(d and e)). While the transcripts
for OsMds-1 were significantly up only at 1 DAH (Figure 4
(d)), OsOdc transcripts increased significantly at 1 and 3
DAH time points (Figure 4(e)). OsMds-1 and OsOdc
increased as high as 5.7-fold (p < .0001) and 28.9-fold (p
< .001), respectively, at 1 DAH as compared to the uninfested
controls (Figure 4(d and e)). The biomarker gene that is
associated with both resistance and susceptibility included
Ltp1 (lipid transfer protein 1). In Hessian fly-infested Kitaake
rice plants.

OsLtp1 transcripts increased significantly at 1 (11.7-fold;
p < .0001) and 3 (1.9-fold; p < .001) DAH time points as com-
pared to uninfested control but did not change at 5 and 9
DAH time points (Figure 4(f)).

Cell wall-associated genes are differentially regulated
minimally in infested Kitaake rice
To better understand how larval feeding affects the cell
wall integrity at the feeding sites, temporal changes in
the expression of 14 genes involved in cell wall metab-
olism (cellulose, hemicellulose, pectin synthesis, and
wall-associated proteins) in Kitaake rice seedlings were
determined by qRT-PCR (Figure 5). Except for a few,
most cell wall genes were not significantly expressed as
compared to the uninfested controls, temporally (Figure
5). While genes encoding OsCOBRA, Osβ-glu and Osα-
gal were significantly upregulated at 1 DAH time point,
OsPe and OsPg genes were significantly upregulated at 1
and 3 DAH time points (Figure 5). Although these
genes were upregulated, the increase in transcripts was
marginal ranging from 1.2- to 2.2-fold (p < .05) as com-
pared to the uninfested controls. Genes encoding OsSuSy

Figure 2 Leaf and plant growth in Hessian fly-infested Kitaake rice seedlings.
(a) Nondestructive leaf (L1: leaf 1; L2: leaf 2; L3: leaf 3; L4: leaf 4) length
measurements were taken in Biotype L-infested and uninfested Kitaake rice
seedlings at 9 DAH. Measurements were taken from soil level to the tips of
the leaf blades. Data are represented as means from 23 biological replicates.
Error bars represent the standard error of the mean. Letters at the top of
bars indicate significant differences determined using Tukey’s HSD test (p
< .05). Same letters indicate no difference in lengths.

Figure 3. Changes in plant cell wall permeability in Kitaake rice seedlings. Per-
meability was determined by neutral red (NR) staining. Representative unin-
fested control rice plant was pin-pricked and stained to differentiate staining
caused by physical damage and larval feeding. Representative NR stained Hes-
sian fly-infested rice seedlings at 1, 4, and 9 DAH time points show NR staining
as blush and solid lines that are restricted at the larval feeding site. Scores for
the staining are given below the images as means of staining scores from 7
biological replicates ± standard error of mean.
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and OsPg were significantly downregulated by 9 DAH
time point (Figure 5).

Secondary metabolite genes are upregulated in
Hessian fly-infested Kitaake rice
To determine if secondary metabolites are involved in
Kitaake resistance to Hessian fly, we looked at the
expression of genes involved in the biosynthesis of phenyl-
propanoids including arogenate dehydratase (OsAdt), chor-
ismate mutase (OsCm), phenylalanine-ammonia lyase
(OsPal), cinnamate 4-hydroxylase (OsC4 h), hydroxycinna-
moyl-CoA shikimate/quinate hydroxycinnamoyl transferase
(OsHct), and in the biosynthesis of lignins including

cinnamoyl CoA reductase (OsCcr). Kitaake rice plants
showed significant upregulation of OsAdt, OsCm, OsPal,
OsC4h, OsHct and OsCcr (Figure 6). The highest increase
in mRNA levels for these genes was observed at 1 DAH
then gradually decreased by 5 DAH as compared to the
uninfested controls (Figure 6). While the transcripts of
OsAdt (Figure 6(a)) and OsCm (Figure 6(b)) increased
only marginally to 2.5-fold (p<0.01), the transcripts for
OsPal, OsC4 h and OsHct increased as high as 8.1 – (p
< .0001), 6.1 – (p = .0002), and 14.7 – (p = .015) folds,
respectively at 1 DAH as compared to uninfested controls
(Figure 6(c–e)). On the other hand, the transcripts of
OsCcr, in the lignin biosynthetic pathway, increased

Figure 4 Expression of Hessian fly-responsive biomarker genes in Kitaake rice seedlings in response to Hessian fly larval feeding. Transcript levels of (a) OsHfr-1
(Hessian fly response gene 1), (b) OsHfr-3 (Hessian fly response gene 3), (c) OsHfrDrd (Hessian fly responsive disease resistance dirigent-like protein), (d) OsMds-1
(Mayetiola destructor susceptibility gene 1), (e) OsOdc (ornithine decarboxylase), and (f) OsLtp1 (lipid transfer protein 1) were quantified by qRT-PCR in Hessian fly-
infested and uninfested Kitaake rice seedlings at 1, 3, 5, and 9 DAH time points. Values are plotted as the log2 fold change of infested compared to uninfested
control plants with standard error bars for three biological replicates. Asterix (*) above each bar indicates statistically significant differences (p < .05). Linear fold
change values are also indicated above each bar.
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dramatically to 350.7-fold (p < .0001) at 1 DAH time point
(Figure 6(f)). By 3 and 5 DAH time points, OsCcr showed a
sharp decrease in transcript accumulation and was not sig-
nificantly different as compared to the uninfested controls
(Figure 6(f)). By 9 DAH time point, the transcripts for
these genes were either downregulated or showed no sig-
nificant difference as compared to the uninfested controls
(Figure 6).

Discussion

The classical host wheat gene-for-gene interaction with Hes-
sian fly larvae yields an incompatible or compatible inter-
action, with the plants being resistant and larvae dying in
the first-instar developmental stage in the former, and plants
being susceptible and larvae completing their development,
in the latter. However, in the nonhost Bd-Hessian fly inter-
action, while most larvae do not develop beyond the first-
instars (dead reds), similar to the resistant host wheat,
some larvae continue to develop into small second-instars
(white larvae) that are able to prolong their survival as
long as 46 DAH (Hargarten et al. 2017). Unlike the virulent
larvae feeding on susceptible host wheat, none of the small
second-instars on nonhost Bd complete their development
and they disintegrate, eventually (Hargarten et al. 2017).
Hessian fly larvae feeding on Kitaake rice seedlings do not
develop beyond the first-instar developmental stage, resem-
bling the phenotypic response of host resistant wheat. How-
ever, not all larvae feeding on Kitaake are dead and shrivelled
by 7 DAH, a response distinct from that observed in resistant
host wheat, where all larvae are dead by this time point. Thus

the larvae feeding on Kitaake plants have a prolonged first-
instar developmental stage before eventually dying by 12
DAH. A similar response has been seen in Kitaake rice and
three other rice varieties (Azucena, Nipponbare and IR64)
infested with two Hessian fly populations, Scott-KS-05
from Kansas and Kay-OK-06 from Oklahoma, that are com-
posed of a mix of biotypes (Chen et al. 2009). The phenotypic
response of Kitaake rice plants indicates that they are non-
host to Hessian fly and lack the classical H gene-mediated
resistance as seen in resistant host wheat. Nonhost resistance
is the most common form of plant resistance against pests
and pathogens, in which all genotypes of a plant species
are resistant against species-specific parasite or pathogens
(Heath 2000). Nonhost resistance is more robust and durable
than host-plant resistance as they can adapt an array of
defense mechanisms not found in the host species (Heath
2000; Gill et al. 2015). These observations are similar to
those documented previously for Hessian fly larvae feeding
on four rice varieties (Chen et al. 2009). However, by 26
DAH, no larvae were seen on Kitaake rice seedlings, thus
suggesting that the mechanism of nonhost resistance
observed in Kitaake differs from the nonhost resistance
observed in Bd plants to Hessian fly larval attack, where
some larvae can survive till 46 DAH (Hargarten et al.
2017). At no point do the phenotypic responses of Kitaake
share any resemblances with the true compatible interaction
in which the virulent larvae feeding on host wheat complete
their development making the plant susceptible.

Leaf lengths in Hessian fly-infested Kitaake rice seedlings
were comparable to leaves in uninfested control plants. Hes-
sian fly larval feeding on susceptible host wheat rapidly inhi-
bits leaf elongation, with leaf 3 being significantly shorter
than the uninfested control plants by 3 DAH (Hargarten
et al. 2017). The susceptible plants have dark leaves and
show stunted growth (Schmid et al. 2018). In contrast,
although the leaves on Hessian fly-infested resistant host
hexaploid and diploid wheats, and nonhost Bd, exhibit
some measure of initial leaf stunting on leaves that are
actively growing during larval feeding, once the larvae die,
there is an accelerated growth of leaves which end up having
the same leaf length as compared to the uninfested controls
(Hargarten et al. 2017; Nemacheck et al. 2019). None of the
four leaves in Kitaake seedlings exhibited the initial stunting
observed in leaves of resistant host wheat and Bd nonhost
plants, suggesting that there are no physical consequences
to the Kitaake rice plants in response to attempted larval
feeding. The infested and uninfested Kitaake rice plants
showed comparable plant growth at 9 DAH.

The epidermal cell wall layer is considered as the first line
of plant defense against herbivory (Schönherr 1982; Javelle
et al. 2011). Previous studies using neutral red, a stain that
enters cuticular gaps or damaged cell walls and spreads
mainly in the major vasculature (Joel and Juniper 1982),
revealed a two-way exchange of molecules during host
wheat- and nonhost Bd-Hessian fly interactions (Williams
et al. 2011; Subramanyam et al. 2019; Nemacheck et al.
2019). The increased and sustained wall permeability in sus-
ceptible wheat has been attributed to the delivery of salivary
effectors from the virulent Hessian fly larvae, altering host
plant physiology and offering a nutrient-rich environment
conducive to the developing larvae (Williams et al. 2011).
In contrast to the permeability levels observed in susceptible
host wheat, the resistant host plant and nonhost Bd plants

Figure 5 Expression of cell wall-associated proteins in Kitaake rice seedlings in
response to Hessian fly larval feeding. Heatmap depicting the ratio of transcript
levels quantified by qRT-PCR in Hessian fly-infested and uninfested Kitaake rice
seedlings at 1, 3, 5, and 9 DAH time points. Blue and red represent up-regu-
lated and down-regulated genes, respectively. Values shown within each cell
is the mean fold change of infested compared to uninfested control plants
for three biological replicates. Asterix (*) within a cell indicates statistically sig-
nificant difference (p < .05). OsCesA (cellulose synthase), OsSuSy (sucrose
synthase), OsCOBRA (glycosyl-phosphatidyl inositol-anchored protein), OsPe
(pectin esterase), OsPae (pectin acetyl esterase), OsExp (expansin), Osβ-glu
(beta-glucosidase), Osα-gal (alpha-galactosidase), OsXth (xyloglucan endo-
transglucosylase/hydrolase), OsXyl (xylanase), OsEg (endoglucanase), OsAgp
(arabinogalactan protein), OsPg (polygalactouronase), and OsWak (wall-associ-
ated kinase).
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show transient and limited permeability at the early stages of
larval development, allowing the delivery of defense proteins
that prevent the larvae from establishing permanent feeding
sites and completing their development (Williams et al. 2011;
Subramanyam et al. 2019). In Hessian fly-infested Kitaake
rice plants, NR staining appeared as lines or blush and was
restricted to the larval feeding sites, with NR scores remain-
ing the same, temporally. The staining pattern resembled
that observed in resistant host wheat (Williams et al. 2011)
but differed from nonhost Bd plants which exhibit staining
intensity intermediate between resistant and susceptible
host wheat, with NR scores increasing over time from 1 to

9 DAH (Subramanyam et al. 2019). The differences in tem-
poral NR scores and stain intensity between the two non-
hosts, Kitaake and Bd, may be attributed to the fact that
while larvae do not develop beyond first-instars on Kitaake
rice plants, some larvae on Bd plants develop into second-
instars and survive as long as 46 DAH (Hargarten et al.
2017). It may be noted here that although Bd plants showed
higher NR scores as compared to Kitaake rice or host wheat
plants, the intensity of NR staining and scores were not com-
parable with those observed in susceptible host wheat with
intense NR stain covering the entire crown tissue (Williams
et al. 2011). The limited permeability in Kitaake rice

Figure 6 Expression of genes involved in biosynthesis of phenylpropanoids and lignins in Kitaake rice seedlings in response to Hessian fly larval feeding. Transcript
levels of (a) OsAdt (arogenate dehydratase), (b) OsCm (chorismate mutase), (c) OsPal (phenylalanine-ammonia lyase), (d) OsC4 h (cinnamate 4-hydroxylase), (e)
OsHct (hydroxycinnamoyl-CoA shikimate/quinate hydroxycinnamoyl transferase, and (f) OsCcr (cinnamoyl CoA reductase) were quantified by qRT-PCR in unin-
fested and Hessian fly-infested Kitaake rice seedlings at 1, 3, 5, and 9 DAH time points. Values are plotted as the log2 fold change of infested compared to unin-
fested control plants with standard error bars for three biological replicates. Asterix (*) above each bar indicates statistically significant differences (p < .05). Linear
fold change values are also indicated above each bar.
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seedlings possibly allows the delivery of defense proteins and
toxins to the larval feeding sites thereby preventing the larvae
from establishing permanent feeding sites and developing
beyond the first-instar stage.

To better understand cell wall integrity in rice plants
infested with Hessian fly we quantified the expression of
genes encoding wall-associated polymers (cellulose, pectin
and hemicellulose) and proteins. In Hessian fly-infested
Kitaake rice plants, most cell wall-associated genes, barring
a few that showed marginal increase in transcripts, were
not significantly expressed as compared to the uninfested
control plants. Our results were comparable with expression
profiles of wall-associated genes observed in resistant host
wheat (Subramanyam et al. unpublished) but differed from
the profile seen in susceptible host wheat (Subramanyam
et al. unpublished data) and nonhost Bd plants (Subrama-
nyam et al. 2019), where most cell wall genes are significantly
down-regulated as compared to their uninfested controls.
These results clearly suggest that there is minimal cell wall
damage caused by larvae feeding on Kitaake rice plants.
Further, the little damage caused by larval probing is very
restricted and does not spread possibly due to induced
early defense responses in Kitaake rice plants following larval
attack. In contrast, the entire crown tissue of a susceptible
host plant becomes a nutrient sink (Williams et al. 2011)
due to suppression of cell wall genes.

Since the phenotypic responses observed in Kitaake rice
seedlings were similar to resistant host wheat but different
from susceptible host wheat, we expected them to show com-
parable expression profiles with respect to Hessian fly-
responsive resistance-associated biomarker genes documen-
ted previously (Hargarten et al. 2017; Subramanyam et al.
2019; Nemacheck et al. 2019). The resistance-associated
genes included two genes, Hfr-1 and Hfr-3, that encode for
mannose and chitin-binding lectins, respectively, and
HfrDrd, a gene encoding a dirigent-like protein. While lec-
tins possess antifeedant and insecticidal properties (Subra-
manyam et al. 2008; Pyati et al. 2012), the dirigent proteins
are involved in cell wall fortification (Subramanyam et al.
2013). Resembling the resistant host wheat, transcripts for
orthologous genes encoding both the lectins, OsHfr-1 and
OsHfr-3, increased in Kitaake rice plants. However, unlike
the resistant host wheat, OsHfrDrd was not significantly
expressed at any of the time points in Kitaake rice seedlings
following larval attack. These results suggest the involvement
of rice lectins as antifeedants that prevent the Hessian fly lar-
vae from establishing permanent feeding sites, making them
unable to develop beyond the first-instar developmental
stage. Unlike the resistant wheat, dirigent proteins do not
appear to play a role in Kitaake defense against Hessian fly.
The susceptibility-associated biomarker genes in hexaploid
wheat include genes (i) encoding a heat shock protein
(Mayetiola destructor susceptibility gene, Mds-1), and (ii)
involved in polyamine biosynthetic pathway (ornithine dec-
arboxylase, Odc). The transcripts forMds-1 and Odc increase
dramatically in susceptible host wheat in response to Hessian
fly larval attack (Liu et al. 2013; Subramanyam et al. 2015).
Interestingly, transcripts for these susceptibility-associated
genes, OsMds-1 and OsOdc, showed increased accumulation
in Kitaake rice seedlings as early as 1 DAH time point,
resembling the susceptible host wheat. However, the levels
of elevation of transcripts for these genes were much lower
than in the susceptible host wheat (Liu et al. 2013;

Subramanyam et al. 2015). Further, in the susceptible
wheat, the transcripts for both Mds-1 and Odc stayed elev-
ated till 8 DAH time points unlike the Kitaake rice plants
where transcripts for OsMds-1 and OsOdc did not stay elev-
ated beyond 1 and 3 DAH time points, respectively. Ltp1,
encoding lipid transfer protein 1, is expressed at high levels
in both the resistant and susceptible host wheat at early
time points (Kosma et al. 2010). Resembling this response,
OsLtp1 transcripts increased in Hessian fly-infested Kitaake
rice seedlings at 1 and 3 DAH time points. These results indi-
cate that Kitaake plants exhibit a molecular response, with
respect to the expression of Hessian fly-responsive bio-
marker genes, that is intermediate between resistant and sus-
ceptible host wheat, despite resembling the phenotypic
reaction of resistant host wheat. Unlike the phenotypic
response, the molecular response observed in Kitaake rice
is very similar to that observed in nonhost Bd (Hargarten
et al. 2017). The accumulation of susceptibility-associated
biomarker genes in nonhost plants could possibly explain
the larval survival for a prolonged period of time followed
by gradual death, as compared to larvae on resistant host
wheat. It appears the larvae are attempting to induce suscep-
tibility-related pathways, suppress the plant defense path-
ways and establish a feeding site, however, the early
nonhost defense mechanisms, including insecticidal and
antifeedant lectins, likely prevent the larvae from further
feeding which ultimately leads to their death.

In response to insect herbivory, plants produce secondary
metabolites that play an important role in defense to counter
biotic stress (War et al. 2012; Gols 2014; Huang et al. 2015).
Feeding by Hessian fly triggers increased expression of key
genes involved in the biosynthesis of phenylpropanoids
and lignins including genes encoding OsAdt, OsCm, OsPal,
OsC4h, OsHct and OsCcr, in Kitaake rice seedlings. Peak
expression of all the secondary metabolite pathway genes
was observed as early as 1 DAH and gradually decreased
by 5 DAH. This early increase in transcripts suggests that
secondary metabolites may be involved in an early defense
strategy. This defense is maintained until day 5 after egg
hatch to prevent the larvae from establishing permanent
feeding sites. Secondary metabolites are documented to
play a significant role in wheat resistance to Hessian fly
(Liu et al. 2007; Nemacheck et al. 2019). A similar increase
in transcripts encoding secondary metabolites has been pre-
viously documented in nonhost Bd plant defenses against
Hessian fly (Subramanyam et al. 2019). These results clearly
indicate the role of secondary metabolites as a key defense
strategy in nonhost Kitaake resistance against Hessian fly
attack.

Conclusion

Genome complexity in hexaploid wheat makes functional
characterization of candidate Hessian fly-responsive genes
extremely challenging. Identification and characterization
of less complex model genomes that show phenotypic and
molecular responses resembling host wheat could serve as
ideal surrogates and can be utilized for downstream func-
tional genomics. The Kitaake cultivar has recently emerged
as a model genome owing to its favorable characteristics
including easy propagation, shorter life cycle, amenability
to transformation, and availability of diverse genetic and
genomic mutant lines. Our study revealed that Kitaake rice
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exhibits nonhost resistance to Hessian fly at the phenotypic
and molecular level thus making it a suitable surrogate gen-
ome to functionally characterize candidate Hessian fly-
responsive genes by mutation and complementation studies,
and deciphering plant-Hessian fly molecular interactions.
Additionally, Kitaake molecular responses revealed the sig-
nificance of lectins and secondary metabolites as an early
defense strategy in nonhost resistance. Although both
Kitaake and Bd plants show nonhost responses, they differ
in their phenotypic response to Hessian fly larval attack.
Further, genetic manipulation of genes encoding lectins
and enzymes in the secondary metabolite biosynthesis path-
way in nonhosts like Kitaake rice and Bd plants, could reveal
the mechanisms of nonhost resistance to this and other
important cereal pests.
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