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Nonhost resistance, a resistance of plant species against all nonadapted pathogens, is considered the
most durable and efficient immune system in plants. To increase our understanding of the response

of barley plants to infection by powdery mildew, Blumeria graminis f. sp. tritici, we used quantitative
proteomic analysis (LC-MS/MS). We compared the response of two genotypes of barley cultivar Golden
Promise, wild type (WT) and plants with overexpression of phytoglobin (previously hemoglobin)

class 1 (HO), which has previously been shown to significantly weaken nonhost resistance. A total of
8804 proteins were identified and quantified, out of which the abundance of 1044 proteins changed
significantly in at least one of the four comparisons (i’ stands for ‘inoculated’)- HO/WT and HOi/WTi
(giving genotype differences), and WTi/WT and HOi/HO (giving treatment differences). Among these
differentially abundant proteins (DAP) were proteins related to structural organization, disease/
defense, metabolism, transporters, signal transduction and protein synthesis. We demonstrate that
quantitative changes in the proteome can explain physiological changes observed during the infection
process such as progression of the mildew infection in HO plants that was correlated with changes in
proteins taking part in papillae formation and preinvasion resistance. Overexpression of phytoglobins
led to modification in signal transduction prominently by dramatically reducing the number of kinases
induced, but also in the turnover of other signaling molecules such as phytohormones, polyamines and
Ca?*. Thus, quantitative proteomics broaden our understanding of the role NO and phytoglobins play in
barley during nonhost resistance against powdery mildew.

Fungal pathogens are one of the main biotic stress factors affecting the growth and development of plants. Fungi
are heterotrophs and use the resources of their host, which can lead to significant reductions in the yield and
quality of cultivated plants. With the increasing human population and limited food resources, it is becoming
increasingly important to understand the mechanisms of plant resistance to pathogens to be able to breed resist-
ant varieties whether by conventional means or by GMO technologies'. Plants are characterized by having a
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general resistance to most of the pathogens found in nature. This so-called nonhost resistance type of immunity
is considered the most innate and durable immune system that efficiently detects potential pathogens and initi-
ates a resistance response®’. Nonhost resistance means that a specific pathogen species is not able to grow on a
specific plant species. This is due to the physical (surface structures like the cuticle) and chemical (diverse array
of secondary metabolites) defense barriers and a system for detection of so-called pathogen-associated molecular
patterns (PAMPs) produced by the pathogen®. Plants have surface-localized receptors called pattern-recognition
receptors (PRR) that can perceive PAMPs or damaged-self signals released during alteration of host cell integrity.
These signals induce a resistance response referred to as PAMP-triggered immunity (PTI). The pathogen has to
suppress PTT in order to establish a compatible interaction and successfully colonize the plant. To do that, path-
ogens secrete a number of effector proteins. In turn, plants have evolved a designated effector-triggered immu-
nity (ETI), where intracellular immune receptors, which often belong to the nucleotide-binding domain and
leucine-rich repeat-containing (NLR) family, are able to recognize these effectors’. Susceptibility (compatibility)
results when the individual plant lacks the genes coding for the effector-matching ETI receptors. The mildew
pathogen Blumeria graminis is among the fungi causing the most severe losses in cereals. During its evolution
B. graminis has split into different formae speciales (ff. spp.) that have very specific adaptations to distinct plant
hosts.

Blumeria graminis {. sp. hordei is barley adapted and in this compatible interaction the plants develop powdery
mildew colonies on the leaf surface. The fungus penetrates through the cell wall of epidermal cells and produces a
haustorium, which is the fungal feeding structure inside the plant cell that obtains nutrients from the plant. This
enables the fungus to proliferate rapidly on the surface of the leaf and produce epiphytic mycelium and additional
secondary haustoria. Approximately 5 days after inoculation, the fungal colony is visible to the naked eye, and
subsequently the colony begins to produce conidiophores, which generate a large number of conidia (asexual
spores)®. These are airborne and can distribute the fungus to other host plants that can be kilometers away. The
yield losses from infected barley can be up to 20%’.

The nonhost interaction can be observed between barley and other ff. spp. of B. graminis such as B. graminis f.
sp. tritici adapted to wheat (Triticum aestivum L.)® or B. graminis . sp. avenae, the powdery mildew of oat (Avena
sativa L.). In such nonhost interactions, penetration is stopped at the cell walls by formation of papillae and/or
HR. It has been reported’ and we also observed that a few barley varieties (including var. Golden Promise) per-
mitted development of haustoria, but these were smaller and did not allow nutrients to be transferred from the
plant to develop conidiophores. The factors determining that barley is a host to f. sp. hordei, but a nonhost to f. sp.
tritici, have not been identified. PTT and ETT are dynamic processes during which an oxidative burst, hormonal
changes, and transcriptional reprogramming are triggered. Thus, signal transduction in plant plays an extremely
important role in this process'.

Early responses of plants to pathogen detection include Ca** influx, production of reactive oxygen and nitro-
gen species (ROS and RNS) and NO signaling, which all act as secondary messengers!'!. Higher production of
NO can sometimes be observed (NO burst) upon a pathogen attack, but it seems to be closely dependent on the
genetic makeup of the plant and of the pathogen'?. In resistant plants, ROS and RNS modulate gene expression,
induce structural defenses or local cell death. Since the HR is accompanied by the generation of excess amounts
of oxidative molecules, the fate of cells surrounding the infection site is determined by their ability to tolerate this
oxidative stress’>!%. NO can be removed from cell compartments in many ways, but a special role is attributed to
plant phytoglobins (previously known as non-symbiotic hemoglobins)'®. There are three phylogenetic classes of
phytoglobins in plants: classes 1, 2 and 3, of which the structure of classes 1 and 2 more closely resembles that of
the human and animal hemoglobins, whereas class 3 resemble that of truncated hemoglobins from prokaryotes.
Removal of NO is a well-documented function of class 1 phytoglobins and the overexpression of such a phyto-
globin leads to lower NO production both in Arabidopsis' and in barley'®. However, the role of NO and plant
phytoglobins during pathogen nonhost response is not understood.

In this study, we investigated the responses of barley to a non-adapted isolate of the B. graminis £. sp. tritici.
Barley plants of the cultivar Golden Promise without (wild type) and with overexpression of a phytoglobin (pre-
viously hemoglobin) class 1 gene were used17. Most of the current research on nonhost response has focused on
gene expression. We show that the gap in knowledge can be bridged by plant proteome responses using quanti-
tative mass spectrometry analysis (LC-MS/MS), which is a powerful tool for identification and quantification of
proteins in complex biological samples, allowing us to confirm observed physiological changes and explain them
at the molecular level.

The objectives of this study were (i) to identify specific proteins or protein groups that are significantly
changed in the wild type during nonhost response to B. graminis £. sp. tritici, (ii) to examine differences in the
leaf proteome during nonhost responses between the wild type and phytoglobin-overexpression plants and
(iii) to broaden the understanding of the mechanisms responsible for nonhost response including the role of
phytoglobin.

Results

Proteomic overview. A total of 8804 protein were identified and quantified in genotype/treatment combi-
nations (WT, HO, WTi and HO1i) by LC-MS/MS analysis (Supplementary Table S1). Proteins with q-value <0.05
in LimmaRP analysis'® and detected in at least two biological replicates, were regarded as differentially abundant
proteins (DAP). Based on these criteria, 1044 DAP were identified. The DAP were analyzed to show the genetic
factor — overexpression of phytoglobins (comparison of protein abundance between HO and WT samples and
between HOi and WTi samples) and nonhost resistance (comparison of protein abundance between WTi and
WT samples and between HOi and HO samples) (Table 1). The number of DAP was highest for inoculated WT
(WTi/WT comparison) with 431 proteins, which was almost twice as many as for inoculated HO (HOi/HO) with
220 proteins. The lowest number of DAP (144) was observed for the genotype comparison HO/W'T.
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Description Protein number
DAP between HO and WT 144
DAP between HOi and WTi 249
DAP between WTiand WT 431
DAP between HOi and HO 220

Table 1. Distribution of differentially accumulated proteins (DAP) in comparisons between barley leaves of
genotypes and between barley leaves of uninoculated/inoculated (with Blumeria graminis f. sp. tritici) plants.
WT, wild-type; HO, phytoglobin overexpressor; WTi, wild-type inoculated; HOI, phytoglobin overexpressor
inoculated.

The largest differences in proteins abundance between the treatments after sparse partial-least-squares dis-
criminant analysis (sSPLS-DA) are shown by component 1 (4.9%) that explains the variance between inoculated
and mock treatment and component 2 (3.5%), that demonstrates difference between genotypes (Supplementary
Fig. S1A). The loading values from the analysis are shown in Supplementary Table S2. The 10 proteins that showed
the largest change in abundance in the inoculated compared to uninoculated plants are shown in Supplementary
Fig. S1B. Among those proteins were heat shock 70kDa protein (BAJ88744.1), catalases (BAJ93193.1;
AAA96948.1; AAC17730.1), and disulfide isomerases (AAA70345.1; BAJ84858.1; AAA70346.1). Scavenging of
reactive oxygen species (ROS) play an important part in the response of plants to fungal infection'®, and catalases
remove H,0, as part of the plant’s antioxidant systems. Disulfate isomerases catalyzes the breaking and formation
of disulfide bonds between cysteine residues and their functions are related to redox regulation and protein fold-
ing!. This shows how important the redox balance is for the progression of the fungal infection.

Genotype differences. We found 106 DAP that decreased in abundance in HOi compared to WTi (HOi/WTi)
and only 55 DAP in HO/WT (Fig. 1A). Of these, 19 DAP were the same before and after fungal inoculation. A
larger number of DAP became more abundant in HO both after inoculation (143 for HOi/W'Ti) and before (89
for HO/WT). Here the overlap was 52 DAP (Fig. 1A).

The identified DAP in each comparison were assigned to 11 functional categories using the UniProt database
according to category list in Bevan et al.>!. The main functional categories were cell growth, disease/defense,
energy, metabolism, protein fate, protein synthesis, signal transduction, structural organization, transcription,
transporters and unknown. Each of the categories had several subcategories (Supplementary Table S3). The DAP
share in each category differed between the individual comparisons (Fig. 1B). The highest number of DAP for
HO/WT and HOi/WTi comparisons were in the metabolism category (37 for HO/WT and 71 for HOi/WTi).
For both of these comparisons important groups also included disease/defense (23 for HO/WT and 42 for HOi/
WTi), structural organization (17 for HO/WT and 27 for HOi/WTi) and transporters (13 for HO/WT and 15 for
HOi/W'Ti) (Fig. 1B).

Hemoglobin-overexpressing barley plants were previously shown to have a 50-70 fold increase in hemoglo-
bin mRNA compared to WT". Using quantitative proteomics, we here confirmed a higher abundance of non-
symbiotic hemoglobin protein (currently called phytoglobin, Q42831.1) in the overexpressing plants compared
to W, both before and after fungal inoculation (Fig. 1C). A small, but significant, increase in the abundance
of this protein was also observed in WTi/WT. A small increase in the abundance of another class 1 phytoglo-
bin (BAK07526.1) was noted as well, but only in HOi/WTi (Fig. 1C). Vacuolar processing enzyme 4 (VPE,
CBX26642.1) is a vacuole-localized cysteine proteinase responsible for the maturation and activation of vac-
uolar proteins, but it also exhibit caspase-1-like activity and that, by controlling vacuolar rupture, is essential
for programmed cell death (PCD)*. VPE had higher abundance only in the WTi/WT comparison. In the same
comparison, Downy mildew resistance protein 6 (BAJ89811.1), which is locally induced in response to pathogen
attack?, also had a higher abundance. Likewise, the MLO-like 15 protein (BAK07094.1), which is involved in
modulation of pathogen defense and leaf PCD?, was present at much lower abundance in HOi compared to WTi
(Fig. 1C). Higher abundance of both proteins in WTi/W'T could mean that WT plants had a PCD incidence.
However, the protein MLO-LIKE 15 (BAK07094.1) was downregulated in HOi/WTi. This protein dampens
the cell wall-restricted hydrogen peroxide burst at points of attempted fungal penetration of the epidermal cell
wall, and in subtending mesophyll cells, so it suppresses a second oxidative burst and PCD?**. Therefore, plants
characterized by a reduced amount of MLO should have an increased frequency of PCD. The results obtained
by Serensen et al.® indicate that this is the case in plants with overexpression of phytoglobins during nonhost
response.

Differences caused by fungal infection. We found 134 DAP that were lower in abundance after inoculation in WT
(WT1/WT) and only 75 DAP in HO (HOi/HO) (Fig. 2A). Of these, 17 DAP were common for the two compari-
sons. Many more DAP were observed to have increased abundance after inoculation - 297 in WT (WTi/WT) and
145 in HO (HOi/HO). Of these, 67 DAP were common for the two comparisons (Fig. 2A).

The DAP identified as a result of inoculation were divided into those specific for WT or HO and those iden-
tical for the two genotypes (Fig. 2B). The distribution of the number of DAP belonging to functional categories
differed markedly between WT and OH. The highest number of DAP were related to metabolism (77 in WT, 35
in HO, 22 in common), disease/defense (52 in WT, 18 in HO, 20 in common), as well as signal transduction (44
in WT, 8 in HO, 13 in common) with the exception of HO specific where the 3rd largest group were proteins
associated with transporters (13 DAP)(Fig. 2B). This is consistent with the observation that during a pathogen
attack, the plant activates a network of pathways to resist the pathogen invasion, which usually requires thousands
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Figure 1. Genotype differences in the leaf proteome. (A) Comparison of the number of DAP that were
present at lower and higher abundance in HOi/WTi and HO/WT seedlings and the overlap in protein identity
between them. (B) The functional distribution of the DAP proteins in HOi/WTi and HO/WT seedlings
whose abundance was decreased (lower) or increased (higher). (C) The content of phytoglobin proteins in all
comparisons between treatments and selected examples of proteins associated with the response to pathogen
attack. The asterisk indicates significant q-values (**’ - q < 0.05, “** - q < 0.01, “*** — q <0.001).

of protein'®. WT plants were characterized by twice as many DAP proteins than the plants with overexpression of
phytoglobin (Table 1), that confirms what was found by Serensen et al.® in other words that overexpression of Hb
suppresses the response to pathogens.

In the following sections we will describe DAP belonging to specific functional categories and sub-categories
particularly relevant to the inoculation process, the innate immunity of the two genotypes and the signal trans-
duction pathways. Time point selected for analysis was 72 hai as the progression of inoculation is different
between two genotypes as determined by Serensen et al.®. Barley plants with overexpression of hemoglobin were
characterized by less papillae formation and higher rate of hypersensitive reaction both with and without haus-
torium formation after 72 hai. This data published by Serensen et al.? is summarized in Supplementary Table S4.

DAP related to photosynthesis and chlorophyll metabolism. Serensen et al.® showed that the leaf
chlorophyll content in WT plants decreased more than in HO plants after compatible infection by B. graminis f. sp
hordei (A6 isolate). We therefore focused on the DAP proteins associated with the metabolism of chlorophyll. The
DAP belonging to the subcategories of chlorophyll (metabolism function) and photosynthesis (energy function)
were analyzed together (Fig. 3) and fell into three clusters. In cluster 1 are proteins that decreased in abundance
in both WTi/WT and HOi/HO or only in HOi/HO. In cluster 2 are DAP the abundance of which decreased in
WTi/WT and in the cluster 3 are DAP that increased in HO/WT and HOi/WTi (Fig. 3). The observed decrease in
abundance for DAP involved in chlorophyll biosynthesis is consistent with the observation that WTi plants had a
significantly lower chlorophyll content than HOi plants in the compatible interaction as early as 3 days after infec-
tion®. A decreased reduction in the transcription of genes encoding proteins involved in chlorophyll biosynthesis
has also been observed in nonhost response of barley to other fungal pathogens®. This may indicate a change in
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Figure 2. Fungal infection differences induced in the barley leaf proteome. (A) Comparison of the number
of DAP that were accumulated higher and lower abundance in seedlings after inoculation depending on their
genotype (WT - wild type, HO - overexpression of phytoglobin), and the overlap in protein identity between
them. (B) The functional distribution of proteins that were specific for wild type (WTi), overexpressed plants
(HOi) after inoculation and the DAP they had in common.

the type of response to an attack and change in energy status in plants with overexpression of phytoglobin con-
nected to better photosynthesis efficiency.

DAP connected with protein synthesis. One of the early plant responses to the pathogen attack is likely
to be connected with changes in protein synthesis. Among the DAP belonging to the protein synthesis category,
three subcategories were identified - tRNA splicing, translational factors and ribosomal protein. The largest DAP
group among these subcategories were ribosomal proteins (Fig. 4), and the ribosomal DAP could be divided into
2 clusters. Cluster 1 comprised DAP which almost all decreased in abundance in WTi/WT (Fig. 4). Cluster 2
comprised 5 DAP with decreased abundance in HOi/WTi and 5 DAP with lower abundance in HOi/HO. There
were also two DAP that increased in abundance in HO/WT and one DAP that increased in WTi/WT (Fig. 4).

The observed decrease in the abundance of ribosomal proteins in WTi indicates that protein synthesis was
less active after infection in WT. However, ribosomal proteins may also play a more direct role in defense against
pathogens. Nicotiana benthamiana plants where the genes encoding ribosomal proteins L12 and L19 had been
silenced showed varying extent of delay in initiation of HR against nonhost pathogens X. campestris pv. vesicato-
ria and P. syringae pv. tomato T1%.

Disease/defense-related proteins. Successful plant defense depends on an early and rapid perception of
the invading pathogen and subsequent induction and mobilization of biochemical and structural defense-related
mechanisms. When comparing protein abundance within each genotype, we wanted to know which of the pro-
teins associated with disease/defense response were changed in response to inoculation and if barley activates
fundamentally different responses depending on the expression of phytoglobins.

In the category of disease/defense the DAP were assigned to one of three subcategories - defense-related
(Fig. 5), ROS metabolism (Fig. 6) and stress response. Defense-related DAP were separated into 3 clusters (Fig. 5).
In cluster 1 are proteins that increased in abundance in the HOi/WTi comparison or in both HOi/WTi and
HO/WT. The exceptions were four proteins of which two (CI2C - AAM22830.1; thaumatin-like protein TLP5 -
AAW?21725.1) had a reduced abundance in HOi/HO. While chaperone protein CLpB2 (BAJ85984.1) had a lower
abundance in WTi/WT and disease resistance-responsive family (BAJ86678.1) was more abundant in HOi/WTi
and HO/WT and less abundant in HOi/HO. Cluster 2 comprises mainly DAP which increased in abundance in
WTi/WT or in HOi/HO or both. Three other proteins were also included in this cluster. For the first of them,
pathogenesis related protein 4 (CAA71774.1), the abundance increased in 3 comparisons (WTi/WT, HOi/HO
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Figure 3. Heatmap displaying the comparison of abundance of DAP with function related to photosynthesis
and chlorophyll metabolism. Seedlings of wild type shown as WT and with overexpression of phytoglobin as
HO, seedlings after inoculation shown as WTi (wild type) and HOi (overexpressed phytoglobin). The color
scale illustrates the average relative abundance level of each protein for the 3 biological samples; red and blue
indicate higher and lower abundance for each comparison, respectively. The color intensity indicates the degree
of protein up- or downregulation. The asterisk indicates the q-value of significant values (**’ - q < 0.05, **’ -
q<0.01, *** _ q.<0.001).

and HOi/WTi). The second, glucan endo-1,3-beta-glucosidase (CAA47473.1), had increased abundance in WTi/
WT, and decreased in HOi/WTi. The last protein in this cluster was 26 kDa endochitinase 1-like (BAJ90914.1) the
abundance of which decreased in both HOi/WT and in HOi/HO. Cluster 3 comprises only 5 DAP and they are
characterized by higher abundance in HOi/WTi, WTi/WT and HOi/HO or in HO/WT and WTi/WT (Fig. 5).
WT plants were characterized by a larger number of upregulated DAP associated with the defense function.
One of these was the SGT1 protein, which is part of the SCF complex (Skp1-Cullin-F-box protein) that targets
regulatory proteins for degradation and is essential for some of the R gene-mediated disease resistances. It was
shown that silencing of SGT1 is causing break in the resistance of N. bentamiana to some of nonhost pathogens?.
The exact role of SGT1 in barley resistance to B. graminis f. sp. tritici has yet to be determined. Among other pro-
teins, two chitinases (ACJ68105.1 and BAK08163.1) were among the DAP that increased in abundance in WTi/
WT (Fig. 5). But the third, 26 kDa endochitinase was downregulated in both HOi/HO and HOi/WTi (Fig. 5),
which may also be connected with different responses of these two genotypes to a pathogen attack. Barley papillae
formed in incompatible interactions have significantly higher accumulation of thionin proteins®® and ROS% as
compared with papillae formed in compatible interactions. Among DAP in our study that were defense related
was also putative thionin (CAD48489.1) which increased in abundance in WTi/W'T, but not in HOi/HO (Fig. 5).
In a wide range of plant-pathogen interactions bi-phasic bursts of ROS by plants have been observed with
a first phase peaking after 20 min and a second phase occurring 4 to 6 h later which has been correlated with
plant resistance. The ROS accumulation is regulated by intricate system of scavenging both by enzymes and
nonenzymatic ways*. Proteins connected with this system were in the detoxification-related (or ROS removal)
sub-category that comprises DAP such as catalases, peroxidases, thioredoxin and rhodanese domain containing
and proteins connected with glutathione metabolism in two clusters (Fig. 6). In cluster 1 are mainly DAP that
increased in abundance in WTi/WT or in WTi/WT and HOi/HO. In this cluster was also a NADPH-dependent
thioredoxin reductase (BY27300.1) which decreased in abundance in HOi/WTi. Cluster 2 was more diverse than
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Figure 4. Heatmap displaying the comparison of abundance of DAP with function related to protein synthesis.
Seedlings of wild type shown as WT and with overexpression of phytoglobin as HO, seedlings after inoculation
shown as WTi (wild type) and HOi (overexpressed phytoglobin). The color scale illustrates the average relative
abundance level of each protein for the 3 biological samples; red and blue indicate higher and lower abundance
for each comparison, respectively. The color intensity indicates the degree of protein up- or downregulation. The
asterisk indicates the q-value of significant values (‘**’ - q < 0.05, ** - q <0.01, “***” - q < 0.001).

cluster 1, but most DAP increased in abundance in WTi/WT, or changed abundance (increase or decrease) in
HOi/WTi or decreased in abundance in HO/WT. In this cluster was also peroxidase-like (BAK03677.1) which
increased in abundance in three comparisons (HOi/WTi, WTi/WT and HOi/HO) (Fig. 6).

The changes observed in abundance of proteins connected with ROS removal are consistent with the obser-
vation Serensen et al.® where plants with overexpression of phytoglobin showed lower H,0, content and higher
peroxidase activity than WT plants.

DAP related to function connected with structural organization of the cell wall.  Compared with
many plant defense responses that can be specific to a phylum or even a species, the formation of callose-rich
papillae can be regarded as a ubiquitous response because it appears to be induced in essentially all plants follow-
ing pathogen challenge and plays a very important role during the nonhost response. In most cases, it is enough
to stop the pathogen attack at the preinvasion stage®!. Furthermore it was shown that papillae formation hap-
pens less often in plants with overexpression of phytoglobin, and the infection is more advanced (Supplementary
Table S4). Among the subcategories of structural organization we here focused on the DAP connected to organ-
ization of cell wall (Fig. 7) as it has the greatest relevance for papillae formation. DAP in this subcategory were
enzymes like cellulose synthase, germin-like, xyloglucan endotransglycosylaese or cinnamyl alcohol dehydro-
genase and they could be divided into 4 clusters. In cluster 1 were DAP for which the abundance decreased in
one of the comparisons. In cluster 2 where mainly DAP that increased in abundance in HO/WT or HOi/WTi or
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Figure 5. Heatmap displaying the comparison of abundance of DAP related to defense function. Seedlings of
wild type shown as WT and with overexpression of phytoglobin as HO, seedlings after inoculation shown as
WTi (wild type) and HOi (overexpressed phytoglobin). The color scale illustrates the average relative abundance
level of each protein for the 3 biological samples; red and blue indicate higher and lower abundance for each
comparison, respectively. The color intensity indicates the degree of protein up- or downregulation. The asterisk
indicates the q-value of significant values (‘**’ - q < 0.05, **” - q < 0.01, “***” - q < 0.001).

both. Cluster 3 was uniform with three germin proteins that showed higher abundance in three comparisons -
HO/WT, HOi/WTi and WTi/WT. In cluster 4 where mainly DAP that increased in abundance in WTi/WT or
both WTi/WT and HOi/HO. The exception were two DAP - beta-1,3-glucanase precursor (BAJ90395.1) that
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Figure 6. Heatmap displaying the comparison of abundance of DAP related to ROS metabolism. Seedlings of
wild type shown as WT and with overexpression of phytoglobin as HO, seedlings after inoculation shown as
WTi (wild type) and HOi (overexpressed phytoglobin). The color scale illustrates the average relative abundance
level of each protein for the 3 biological samples; red and blue indicate higher and lower abundance for each
comparison, respectively. The color intensity indicates the degree of protein up- or downregulation. The asterisk
indicates the q-value of significant values (‘**’ - q < 0.05, **” - q < 0.01, “***” - q < 0.001).

had higher abundance in WTi/WT and lower abundance in HOi/WTi and pectinesterase 31 (BAK02418.1) that
showed higher abundance only in HOi/WT1 (Fig. 7). We observed three GER4 proteins increased in abundance
in HO/WT and their level was still higher in HOi/WTi. There was no significant difference between HO before
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Figure 7. Heatmap displaying the comparison of abundance of DAP with function related to the cell wall.
Seedlings of wild type shown as WT and with overexpression of phytoglobin as HO, seedlings after inoculation
shown as WTi (wild type) and HOi (overexpressed phytoglobin). The color scale illustrates the average relative
abundance level of each protein for the 3 biological samples; red and blue indicate higher and lower abundance
for each comparison, respectively. The color intensity indicates the degree of protein up- or downregulation. The
asterisk indicates the q-value of significant values (‘**’ - q < 0.05, ** - q <0.01, “***” - q < 0.001).

and after inoculation. However, their abundance increased in WT plants after inoculation (Fig. 7, cluster 3). This
suggests that NO is taking part in regulation of germin-like proteins that have superoxide dismutase activity and
function in PAMP-triggered immunity®>. Most of the cell wall proteins had an elevated abundance only in WT
plants after inoculation (Fig. 7, cluster 4), including cinnamyl alcohol dehydrogenase, cellulose synthase-like,
alpha-galactosidase or beta-1,3-glucanase precursor. It was observed previously® that overexpression of phyto-
globins in barley plants led to changes in response to nonadapted B. graminis (H8). HO plants had less papilla
formation and thus partial formation of haustoria was observed after 72 hai (Fig. 8).

DAP related to transporters. During papilla deposition, site-directed transport of papilla components,
cell wall-synthesizing enzymes, and other components is needed. Thus, an induction and regulation of cell pro-
teins related to transportation and vesicle trafficking would be expected. DAP in the functional category trans-
porters were divided into nine subcategories (Supplementary Data Table S3). DAP belonging to three of these
subcategories — ions, nitrate and vesicles - were divided into 3 clusters (Fig. 9). In cluster 1 most of the DAP

SCIENTIFIC REPORTS |

(2020) 10:9192 | https://doi.org/10.1038/s41598-020-65907-z


https://doi.org/10.1038/s41598-020-65907-z

www.nature.com/scientificreports/

s

e’

/l

Papilla

Appressorium germ tube

e

("v\/

Spore

\

O — '__>,
/ \
\ Hyphae

Haustorium

Figure 8. Microscopic pictures of fungi in the nonhost response of Golden Promise barley seedlings inoculated
with isolates of Blumeria graminis adapted to wheat taken after 72 hai. (A) Papillae formation and (B)
haustorium formation. All scale bars = 50 pm.

increased in abundance in WTi/W'T, but three proteins increased in abundance in HO/WT and a few increased in
abundance in HOi/HO. Cluster 2 comprises DAP that increased in abundance in two or three comparisons with
the exception of cation-transporting ATPase (BAK01423.1) that increased only in HO/WT. Cluster 3 contains the
DAP that decreased in abundance in one or several of the comparisons (Fig. 9).

During the nonhost response of barley to B. graminis £. sp. tritici modulation of plant H*-ATPases abundance
was observed (Fig. 9). Three ATPases were upregulated in both WTi/WT and HOi/HO, but in WT plants slightly
higher abundance was observed. One Cd**/Zn*"-transporting ATPase was only upregulated in WT plants
after inoculation. HT-ATPases are the major pumps in charge of transporting ions thru plasma membrane®.
Furthermore, plasma membrane potential can be regulated by activation or inhibition of the ATPase, in that
way it influence other transporters and control ion flux*. Various pathogens PAMPs can modify transport of
ions and cause alkalization of cytoplasm, that why plant first cellular response is connected with modification of
extracellular pH*.

Proteins connected with vesicle trafficking were upregulated in HOi/HO, e.g. protein GPR107-like
(BAJ98867.1), transmembrane emp24 domain-containing protein (BAK01015.1), protein CASP (BAK01149.1)
or co-atomar subunit beta 1 (BAJ88156.1). In addition, syntaxin (AAP75621.1) increased more in HOi/
HO (0.587 4+ 0.0321og ratio) than in WTi/WT (0.211 £ 0.0351og ratio) (Fig. 9). Plasma membrane syntaxin
with SNAP33 (soluble N-ethylmaleimide-sensitive factor adaptor protein 33) and VAMP721/VAMP722
(vesicle-associated membrane proteins) form SNARE complex that may aid fusion of vesicles with the plasma
membrane. Focal accumulation of syntaxin may thereby guarantee that, upon pathogen penetration, the vesi-
cle cargo is released into the apoplast where required. Moreover, syntaxin and SNAP34 are needed for nonhost
and basal penetration resistance to powdery mildew fungi in A. thaliana and barley, but not for gene-for-gene
resistance’®’.

DAP with function related to secondary metabolism. During post invasion resistance, the plant cell
mounts a defense response through production and secretion of secondary metabolites to the apoplast and ini-
tiation of systemic resistance signaling to distant parts of the plant®*. Among the DAP classified as related to
metabolism were also some in the subcategory of secondary metabolism (with three clusters), such as cytochrome
P450, berberine bridge enzyme-like, glutamate decarboxylase 1-like or strictosidine synthase-like (Fig. 10). In
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Figure 9. Heatmap displaying the comparison of abundance of DAP with function related to ion and vesicle
transport. Seedlings of wild type shown as WT and with overexpression of phytoglobin as HO, seedlings after
inoculation shown as WTi (wild type) and HOi (overexpressed phytoglobin). The color scale illustrates the
average relative abundance level of each protein for the 3 biological samples; red and blue indicate higher and
lower abundance for each comparison, respectively. The color intensity indicates the degree of protein up- or
downregulation. The asterisk indicates the q-value of significant values (**’ - q <0.05, **" - q < 0.01, *** -
q<0.001).

cluster 1 most DAP were found at a higher abundance in WTi/W'T. Three proteins were characterized by higher
abundance in HOi/WTi comparison and two were changing in both of these comparisons (glutamate decarbox-
ylase 1-like, BAJ90285.1 and cytochrome P450 76C2, BAJ97705.1). Cluster 2 comprises DAP that decreased in
abundance in one of the comparisons - HO/WT, WTi/WT or HOi/HO. Cluster 3 comprises DAP that had higher
abundance in HOi/HO or HOi/HO and WTi/WT. The exception was squalene synthase (BAK05111.1) which
had a higher abundance in HOi/HO and HOi/WTi (Fig. 10). In general, DAP found in WTi/WT were not found
in HOi/HO and vice versa. In other words, the response of the secondary metabolism to infection was strongly
affected by hemoglobin/phytoglobin overexpression.

Transport could be also connected to accumulation of secondary metabolites such as phenolics, production
of saponins, and production of phytoalexins. Among the DAP proteins involved in secondary metabolism that
increased in abundance in response to infection was squalene synthase (BAK05111.1) (Fig. 10, cluster 3). It takes
part in terpene and sterol biosynthesis and it was only upregulated in HOi/HO. In few plant species the diterpe-
nes and sesquiterpenes act as phytoalexins, e.g., 14 diterpene phytoalexins have been identified in Oryza