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Abstract
Background

Grapevines are commonly infected with one or more viruses causing a signi�cant threat to the sustainability of quality wine grape production worldwide.
The recently identi�ed Grapevine red blotch disease (GRBD) signi�cantly affects the yield and quality of wine grapes. It is largely unknown how the red
blotch disease affects carbohydrate homeostasis and regulate the source-to-sink relationship in grapevines. We took an integrative approach to
determine the consequences of viral infection in commercially grown, two popular wine grape cultivars from distinct locations in the eastern
Washington.

Results

The deep sequencing approach revealed that Grapevine red blotch virus (GRBV) was found in all symptomatic vines, while asymptomatic vines were
free of this virus. Analysis of mature berries at commercial harvest in virus-infected vines indicated signi�cant changes in the soluble sugar
accumulation along with the increase in leaf sucrose and starch content. To follow up with the altered carbohydrate homeostasis, we analyzed cell wall
components in winter canes of virus-infected vines and compared them to their virus-free counterparts. Major cell wall monosaccharide contents and
total lignin content was not affected due to red blotch disease in either cultivar. However, high-resolution glycome pro�ling revealed consistent changes
in loosely bound cell wall pectin matrices and tightly bound non-fucosylated xyloglucans in virus-infected vines. Furthermore, in cv. Syrah, co-infection
with other viruses leads to additional cell wall compositional variations.

Conclusions

These changes highlighted that virus infection in woody perennial leads to detrimental adjustments in the soluble and storage carbohydrates, and in the
cell wall layers that could be attributed to lower vine performance or vine decline in a relatively short time. The information gained from such qualitative
cell wall structural �ne-tuning could be used in assessing how viruses or other pathogenic agents affect perennial longevity.

Background
Wine grapes are currently the highest value fruit crop in the United States comprising a nearly $5 billion industry. The sustainability of grape production
is often threatened by various biotic and abiotic stresses. Frequently, grapes are infected with multiple viruses due to the perennial nature, but also as a
consequence of vegetative propagation. Vine performance of virus-infected grapevines declines over time, often manifesting in reduced fruit yield, berry
quality, and in some cases, vine death. This is because once infected, the virus continues to affect the vine’s physiological performance throughout its
life. Grapevine red blotch disease (GRBD) presumably caused by Grapevine red blotch virus (GRBV) were recently discovered in California [1] and
Washington vineyards [2], and shown to affect several wine grape cultivars [3]. GRBD causes a signi�cant reduction in berry sugar accumulation while
accumulating sucrose and starch in the leaves possibly giving rise to reddish-purple foliar coloration due to increased anthocyanin production [2], which
is often triggered by sucrose concentrations [4, 5]. Consistent with this idea, sucrose metabolism in the grapevines infected with GRBD can be greatly
affected by changing the source-to-sink relationship. The systemic changes that occur due to GRBD may therefore be subject to alteration in several
biosynthetic pathways, as is the case in vines infected with grapevine leafroll disease (GLD) [6].

GRBV is a single-stranded 3.2 kb DNA virus, a member of the Geminiviridae family that can be transmitted by leafhoppers [2]. However, the natural
epidemiology of the virus is still unclear [7]. Infected vines exhibit characteristic reddish-purple foliar symptoms especially at post- véraison stage in the
red-fruited cultivars, and the leaf symptoms look similar to those infected with grapevine leaf-roll disease (GLD), though not identical. Grapevines are
often infected with multiple viruses [8], some of which remain latent and undetected since the infections do not exhibit visual symptoms that prompt
their thorough investigation. However, recent advances in sequencing technologies offer unprecedented accuracy and speed for detecting novel,
uncharacterized viruses and other infecting agents that were previously misinterpreted as infection by known viruses. Therefore, we embarked on a deep
sequencing approach to identify all infecting viruses and viroids in selected grapevine samples from two cultivars, Merlot and Syrah grown
commercially in the eastern Washington.

Survival of grapevines through several years of exposure to various viruses depends on the compatible adjustments in vine growth and development.
Understanding the structural development of vines through analysis of cell wall composition can provide clues on how viruses can impact cell wall
integrity, however, very few studies have been conducted to investigate the impact of viral infection on cell wall architecture. It has been shown that cell
wall biosynthetic genes were suppressed in rice infected with Rice Tungro Spherical Virus (RTSV) [9], and global transcript analysis of plants infected
with South African Cassava Mosaic Virus (SACMV) showed increased expression of cell wall-related genes [10], but opposite trends were seen in rice
infected with Rice Dwarf Virus which resulted in stunted plant growth [11].

Viruses are also known to speci�cally modulate host pectin methyl esterases (PMEs) to overcome plasmodesmata size, which impacts the exclusion
limit for protein movement [12, 13]. Along with cell wall transcriptome studies, proteomic analyses suggested that viral infection can alter cell wall-
related proteins [14]. However, it is not known whether viral infection in�uences the biosynthesis or packaging/tra�cking of different cell wall
components in the plant. Analysis of different cell wall layers has been documented in many species using a range of technologies mainly to investigate
biomass properties [15-18]. Based on the fact that GRBV-infected vines had increased leaf sucrose and starch levels [2], we hypothesize that altered
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carbohydrate �ux could be re-routed into the structural cell wall assembly. The resulting structural differences, if any, may cause irreversible damage to
the grapevines resulting in poor vine performance, compromised fruit yield, and overall berry quality.

Results
Virus composition

Next-generation sequencing was employed to characterize viruses and virus-like particles present in the canes of two wine grape cultivars, Merlot and
Syrah. Three symptomatic vines from each cultivar from commercial vineyards that showed characteristic reddish-purple foliar coloration at the post-
véraison stages, indicative of viral infections, were employed in the study while asymptomatic vines were chosen that are adjacent to the symptomatic
vines to minimize spatial variation. The sequencing reads post adapter trimming and quality control were mapped to GenBank (viral 1.1 genomic) in CLC
Genomics Workbench 8 platform. With an average of 45.75 M paired reads, of which 3.83% were mapped to viruses and virus-like sequence database
(Table 1). All the symptomatic vines from both Merlot and Syrah cultivars contained Grapevine red blotch virus (GRBV), while none of the sequence
reads corresponding to asymptomatic vines were mapped to Grapevine red blotch viral genomic sequences (Table 1). The additional viruses found in all
samples of both cultivars were Grapevine Fanleaf Virus and Rupestris Stem Pitting Virus. The deep sequencing data was con�rmed by the RT-PCR
analysis (Figure S1). Three symptomatic and two asymptomatic samples from Syrah cultivar contained Grapevine Syrah Virus, while only two
asymptomatic Merlot vines had this virus. Similarly, two viroids, Hop StuntViroid and Grapevine Yellow Speckle Viroid were present in all samples, with
greater sequencing depth and complete genome coverage.

Carbohydrate analysis

At the commercial wine grape harvest, the berries from symptomatic and asymptomatic vines of Merlot and Syrah were analyzed for berry sugar content
and the values are expressed as 0Brix. The results indicate that the 0Brix of berries from symptomatic vines were signi�cantly reduced in both cultivars
(Figure 1a). Soluble sugars (glucose, fructose, and sucrose) and starch analysis in mature leaves showed that sucrose and starch concentrations were
signi�cantly elevated in symptomatic vines of cv. Merlot whereas starch was accumulated signi�cantly in cv. Syrah, relative to the asymptomatic
counterparts (Figure 1b, c). This observation implies an alteration of the source-sink relationship due to virus infection. To understand how these
changes re�ects structural carbohydrates, we analyzed the structural cell wall carbohydrates and lignin contents. The HPLC analysis of acid-soluble cell
wall fraction identi�ed arabinose, galactose, glucose, mannose, rhamnose, and xylose (Table 2), and a comparison of these sugars between
symptomatic and asymptomatic vines did not show signi�cant differences. A slight increase in arabinose was apparent in the symptomatic vines of
Syrah relative to their asymptomatic counterparts (Table 2). The total Klason lignin contents (acid-soluble and acid-insoluble) were estimated to be
approximately 33 and 30 percent in Merlot and Syrah canes, respectively. No signi�cant differences were found in lignin levels between symptomatic
and asymptomatic vines of both cultivars. Collectively, the results from structural carbohydrate analysis suggest that GRBV infection did not alter the
cell wall composition of GRBV infected grapevine canes, whereas the soluble sugars and starch contents were elevated in source leaves with concurrent
reduction of berry sugars.

Glycome analysis

Glycome pro�ling analyses were conducted on cell walls fractions isolated from the cane woods of asymptomatic and symptomatic Merlot and Syrah
cultivars (Figure 2). Overall, the cell wall glycome pro�les were largely similar irrespective of the cultivars or status of viral infection. Glycome pro�ling
studies revealed the overall composition and extractability of diverse matrix cell wall glycans present in all samples studied. In general, xyloglucan
epitopes were extracted in all alkaline extracts such as carbonate, 1M KOH, 4M KOH, and 4M KOHPC extracts. Further xylan epitopes (both substituted
and unsubstituted xylans) were extracted out in all samples except the oxalate extracts. Pectic backbone epitopes (recognized mainly by HG-backbone-1
and RG-I backbone groups of mAbs) were signi�cantly present in all cell wall samples and followed a mostly identical pattern of extractability. Pectic
arabinogalactan epitopes (recognized by RG-I/AG, and AG-1 through 4 groups of mAbs) were also signi�cantly present in all samples, however; their
patterns of extractability varied among two varieties. For instance, a marginal increase in the extractability of pectic arabinogalactan epitopes was
observed in oxalate and carbonate extracts of Syrah samples compared to Merlot. Subtle variations in the extractability of pectic arabinogalactan
epitopes were also noted across asymptomatic and symptomatic samples within a given cultivar. For instance, a reduced abundance of pectic
arabinogalactan epitopes was observed in the oxalate and carbonate extracts from symptomatic samples from both cultivars hinting that the viral
infection caused cell wall alterations. To further study underlying variations we conducted more in-depth statistical analyses using the raw data as
described in the next section.

The glycan extractability of asymptomatic Merlot and Syrah clearly showed varietal differences in cell wall matrix complexity. The antibody binding data
was �ltered (low-pass binding values were removed) and the remaining immune data was clustered into data self-organizing maps (SOM-clustering).
Pectic polysaccharide glycans (epitopes of homogalacturonan backbone and rhamnogalacturonan-1/ arabinogalactans) were extracted at higher levels
in the initial mild extracts (Figure 3, cluster 1 and 4) of Syrah compared to Merlot. The second variation was observed in non-fucosylated xyloglucan
epitope extractability, with relatively higher levels being recovered during oxalate, carbonate, and 1M alkali extracts of Merlot than in Syrah. The
remaining antibody signal intensities did not vary between two cultivars suggesting any further changes in their cell wall composition were unlikely.

When we compared the differences in the cell wall extractability of virus-free and virus-infected vines, two changes were consistent in both cultivars.
First, loosely bound pectic arabinogalactan epitope abundances were reduced in the GRBV infected grapevines. These changes were especially observed
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when the cell wall fractions were extracted with sodium carbonate (SC). The reduction in the extractability was more pronounced in the Syrah cultivar
(Figure 3, cluster 4). In the subsequent extracts, we did not observe any detectable changes between GRBV-free and GRBV infected cane samples.
Second, GRBV-infection resulted in a speci�c increase in extractability of non-fucosylated xyloglucan epitopes in stronger alkaline extracts (4M KOH and
4M KOHPC), and this was relatively more prominent in Syrah compared to Merlot. This increase was observed in the 4M KOH extracts in both cultivars;
however, during the strongest alkali extraction (with 4M KOHPC) the Syrah samples showed higher extractability compared to Merlot. In addition to these
changes, GRBV infected Syrah exhibited lower xylan epitope extractability in relatively stronger alkali extracts (1M and 4M KOH). The remaining samples
did not show any changes in their extractability. The least affected group of glycan epitopes contained those of galactomannans, epitopes recognized
by rhamnogalacturonan-1b group of mAbs, and epitopes recognized by the reminder of the arabinogalactan groups of mAbs (Figure 3, cluster 3). The
glycome analysis thus provided insights into how different cell wall carbohydrates are compositionally and structurally packaged in cane woods of wine
grapes, and how virus infection changes some of the cell wall architecture compared to their virus-free counterparts.

Discussion
About 70 different virus and virus-like agents infect grapes worldwide and often spread into other grape-growing regions due to vegetative propagation
[8]. Many of the viruses remain undetected since they are asymptomatic, but otherwise affect vine health, crop yield, and fruit quality. In eastern
Washington and other grape-growing regions in the United States and Canada, GRBD symptoms are often confused with those displayed due to GLD
infections due to the high degree of similarity in their symptom characteristics. Recently, next-generation sequencing has emerged as a very useful
technique to accurately diagnose disease, as it is highly sensitive. Next-generation sequencing not only identi�es known viruses but also provides an
opportunity to �nd new viruses or viroids in a given sample [19-21]. In plants, it is considered a universal diagnostic tool to identify novel viruses [22, 23].
In wine grapes, GRBV was identi�ed using next-generation sequencing technology in the vines that exhibited Grapevine leafroll-disease like symptoms
[2]. Although we did not �nd novel viral sequences in our wine grapes, many virus co-infections were identi�ed in the vines that were otherwise thought
to contain only GRBV. The post-véraison foliar discoloration of GRBD affected Merlot and Syrah vines were correlated with the presence of GRBV in all
symptomatic vines and absent in asymptomatic vines with normal senescing leaves. Therefore, we conclude that the disease symptoms were mainly
ascribed to GRBV infection.

GRBD in Merlot and Syrah cultivars showed foliar interveinal reddening symptoms at post-véraison similar to those exhibited by GLD. The symptoms
were potentially resulted from the re-routing of the �avonoid biosynthetic pathway leading to anthocyanin accumulation in virus-infected leaves [6]. The
increase in leaf sucrose was shown as a major contributor to anthocyanin production in leaves [4, 24]. In our experiment, leaf sucrose and starch content
were signi�cantly higher in post-véraison leaves of GRBV infected Merlot and Syrah cultivars (Figure 1), while the berries from these same vines were
lower in 0Brix relative to their asymptomatic vines. Therefore, we suggest that the photoassimilates (sugars) cannot be transported effectively out of the
leaf mesophyll cells, largely impacting the sink-source relationship of the infected plants. Consequently, the buildup of sucrose in the leaves triggered
anthocyanin production.

Soluble carbohydrates (glucose and sucrose) and starch were elevated in source leaves at berry maturity, perhaps due to a possible hindrance in
exporting the sugars out of the source leaf mesophyll cells that resulted in a net increase of photoassimilates at source leaves. This is concurrent with
the reduction in berry sugar content (measured as 0Brix) of GRBD affected vines (Figure 1). The possibility that the elevated carbon pool may be
channeled into the cell wall reserve cannot be denied. Therefore, we analyzed the cane wood meal to investigate whether the disease affected cell wall
content or its architecture. Structural carbohydrate analysis indicated that viral infection did not cause any signi�cant alteration in the major cell wall
carbohydrates and apart from cultivar variations and lignin remain unaltered in both cultivars. Cell wall complex carbohydrates and their synergistic
interactions into delicate cell wall architecture had been determined in many species using a suite of monoclonal antibodies directed against speci�c
glycan moieties [15-18]. This analysis indeed helped us understand the compositional changes in cell wall layers that manifest from GRBV infection.
The sequential extractability of cell wall glycans in a range of alkali reagents (from mild to strong reagents) highlighted differences in asymptomatic
cultivars, as well as GRBV-infected Merlot and Syrah vines. This included subtle changes in extractability of pectic polysaccharides and more
pronounced xyloglucan (non-fucosylated) extractability with milder reagents that indicate variations in loosely bound cell wall pectin architecture of both
cultivars. Infected samples of both cultivars had unanimity in the lower extractability of pectic polysaccharides and higher non-fucosylated xyloglucans
recoveries associated with tightly packaged hemicellulose associated glycans in GRBD infected samples. These two changes signify that GRBD
infection may have triggered changes that manifest in the extractability differences in bound pectin and potential loosening of tightly bound
hemicellulose complexes (as indicated by their increased extractability in strong alkaline extracts). The magnitude of these changes was severe in Syrah
vines (Figure 3, Cluster 6) perhaps owing to cultivar-speci�c responses to virus infection. Furthermore, lower xylan epitope extractability observed in
infected vines hints at altered packaging of hemicellulose matrices. Since deep sequencing results con�rmed co-infection with Grapevine Syrah Virus
and its synergistic interaction with GRBV may further contribute to pronounced changes in cell wall architecture. Finally, it is not clear whether the higher
levels of arabinose in GRBV infected Syrah vines also contribute to the above alterations. These lines of evidence suggest that the modulation of cell
wall packaging is affected by phloem-limited virus intrusion in wine grapes. The �ndings in the present study can be used to validate the connections of
loosely bound pectin polysaccharides, arabinose content in the wall, and xyloglucans with the presence of GRBV. Moreover, how virus infection(s)
modulates host plants’ soluble and structural carbohydrates will be a key to understanding the complexities of virus-host interactions in perennial plants
that can have combined effects on cell wall architecture and detrimental effects on the grapevines.

Conclusions
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The virus compositions of the symptomatic and asymptomatic vines were determined using the Next-Gen sequencing platform and found that foliar
symptoms correlated with the presence of GRBV. GRBD in red-fruited Merlot and Syrah cultivars altered soluble carbohydrate levels in the berries and
photosynthetic leaves. Structural analysis revealed that cell wall architecture was affected mainly in pectin and xyloglucan components of the cell wall
which may have detrimental effects on the vine health and vineyard sustainability.

Methods
Plant materials

The plant materials, cvs. Merlot and Syrah used in the present study were obtained from commercial vineyards within Horse Heaven Hills AVA and
Columbia Valley AVA of eastern Washington. The necessary permissions were obtained from vineyard owners for conducting virus survey, leaf and berry
sampling, and follow up studies. The location and names of the vineyard blocks are kept con�dential to protect the growers’ identity.

Vine sampling

Berries from �ve symptomatic and �ve asymptomatic vines of cv. Merlot and Syrah were sampled at commercial harvest. Berry analysis procedures
were followed as per [25] with slight modi�cations. Brie�y, 30 random berries from different clusters were collected from both sides of the vine and each
cordon. The pedicels were kept intact at 4 0C until analyses. The berries from symptomatic vines were then pooled, mixed well, and distributed into �ve
separate samples to facilitate more random representation and minimize vine to vine variation. Berries from asymptomatic vines were treated similarly.
Later, pedicels were removed and berry maturity indices were measured. Mature leaves were collected from the corresponding vines which showed no
visible damage to the blade (except reddish-purple coloration of symptomatic leaves) and immediately frozen in liquid nitrogen until storage in -80 0C.

RNA isolation

Canes from actively growing symptomatic and asymptomatic vines at post- véraison stage were used to obtain cambial scrapping (after de-barking)
into liquid nitrogen and stored at -80 0C until use. The phloem (cane) RNA was prepared using Spectrum Plant Total RNA kit (Cat # STRN 50-1KT, Sigma-
Aldrich Inc.), where total RNA was treated with RNase-free DNase (Cat# 79254, Qiagen Inc.) following manufacturer’s instructions. The integrity and
concentration were assessed using Agilent 2100 Bioanalyzer instrument (Agilent Inc.). Only RNA samples with RIN >7.5 were subsequently used in Next-
Gen sequencing experiments.

Deep sequencing

High-quality phloem RNA was subjected to library preparation using Illumina TruSeq Stranded Total RNA kit with Ribo-zero Plant at Huntsman Cancer
Institute, University of Utah. Sequencing was performed on an Illumina HiSeq2500 for 125 cycles from both ends. Post-trimmed data were imported into
CLC Genomics Workbench (Qiagen Inc.) and sequence reads were mapped to the viral genome database from Genebank (viral 1.1 genomic) that was
used as a reference for mapping quarry read sequences. The presence of viral genome in the sample was con�rmed by a high mapping percentage
(>85%) and greater sequencing depth as indicated by an average number of the read mappings.

Carbohydrate analysis

Berry sugar content was determined using PAL-1 pocket refractometer (Spectrum Technologies, Inc.) and expressed as 0Brix or total soluble sugars
(TSS). Leaf soluble carbohydrates were determined as described earlier [26]. Brie�y, lyophilized leaf tissue powder w0061s were subjected to sequential
analysis of glucose, fructose, and sucrose via enzymatic assays. The water-insoluble fraction from soluble carbohydrate analysis was employed to
determine starch content using Starch Assay kit (STA20, Sigma-Aldrich Corp.) and determined spectrophotometrically on an EON spectrometer (BioTek
Inc.).

To analyze structural carbohydrates, winter cane tissues were air-dried for several days and ground to pass a #40 mesh on a Wiley Mill. Alcohol
insoluble residues (AIR) were prepared by soxhlet extraction of tissues in hot ethanol and AIR residues were used in scale-down Klason lignin
determination protocol modi�ed from laboratory analytical procedure, National Renewable Energy Laboratory (NREL), U.S. Department of Energy as per
[18]. Total lignin was expressed as a mixture of acid-soluble and acid-insoluble lignin. The aliquots from acid hydrolysates were used in major cell wall
sugars determination using anion exchange HPLC with appropriate sugar standards (arabinose, rhamnose, galactose, glucose, mannose, and fucose) as
per [27]. The resulting peak areas corresponding to each major sugar were used in extrapolating cell wall carbohydrate percentages.

Glycome pro�ling

Alcohol insoluble residues from asymptomatic and GRBD affected wine grape cvs. Merlot and Syrah cane samples were subjected to glycome pro�ling
using a comprehensive suite of 155 monoclonal antibodies (mAbs) directed against most major non-cellulosic glycan epitopes [28]. Glycome pro�ling
involves sequential extraction of cell wall materials with increasingly harsh reagents thereby generating extracts enriched with glycan components
based on relative tightness with which they are bound to the cell wall. For instance, pectic polysaccharides, loosely bound xyloglucans (fucosylated and
non-fucosylated), and loosely bound xylans are usually extracted in the initial milder extraction conditions (oxalate and carbonate). The majority of
tightly bound xyloglucans, xylans, and pectic polysaccharides are isolated under stronger alkaline extraction conditions (1M and 4M KOH). More tightly
bound lignin associated wall glycans are released at acidic chlorite extraction. Finally, the remaining most tightly bound matrix constituents are
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extracted with post chlorite 4M KOH extraction (4M KOHPC). These extracts were subsequently screened with the comprehensive suite of 155 mAbs [28,
29] to monitor abundances of epitopes present in most major plant cell wall non-cellulosic glycans. Various cell wall glycan-directed mAbs used in
glycome pro�ling were procured from laboratory stocks (CCRC, JIM, and MAC series) at the Complex Carbohydrate Research Center (available through
CarboSource Services; http://www.carbosource.net or were obtained from BioSupplies (Australia) (BG1, LAMP).

Data analysis

The deep sequencing data were analyzed using the CLC Genomics Workbench (Qiagen Inc.) using standard tools. Reference viral sequences from
Genebank were imported (viral. 1.1genomic-1) into the CLC genomics workbench and mapped using default parameters. Sequencing depth and
mapping percentage were used to determine the presence/ absence of the virus. Analyses of compositional differences were achieved by SOM (self-
organizing maps) clustering of antibody binding intensities using MeV v4.9 [30]. The data was then visualized using “R” (https://cran.r-project.org/).
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Tables
Table 1. Identi�cation of virus and virus-like sequences in the winter cane of cvs. Merlot and Syrah.

    cv. Merlot cv. Syrah

    H1 H2 H3 I1 I2 I3 H1 H2 H3 I1 I2 I3

  Total reads
(in
millions)

46.92 43.37 43.99 44.84 51.05 43.75 42.82 45 48.66 46.45 52.09 40.12

  Mapping
percentage
(to viral
sequence
database)

3.55 4.15 4.14 4.16 2.98 3.57 3.5 2.86 3.43 5.39 4.06 4.19

#
mapped
reads

GYSVd 75540 35948 106413 117358 75834 56672 7579 10356 7909 14577 16708 6753

HSVd 47507 11106 39700 94212 54402 38848 10159 9378 8156 17867 23646 9426

GFLV   311949                    

RSPaV   27442 108582 95081 134735 204412 53467 71131   110307 90850 101099

GRBV       37642 23801 54962       6118 2905 4578

GSyV   11934           5445 1952     992

GYSVd, Grapevine yellow speckle viroid; HSV, hop stunt viroid; GFLV, Grapevine Fan leaf virus; RSPav, Rupestris stem pitting associated virus; GRBV,
Grapevine red blotch virus; GSYV, Grapevine Syrah virus.
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 Table 2. Structural carbohydrate analysis of GRBD-free (healthy) and GRBD-infected (infected)  grapevine cane wood.

  Merlot Syrah

Cell wall components Healthy Infected Healthy Infected

Arabinose (Ara) 1.14 ± 0.17 1.22 ± 0.13 0.82 ± 0.09 1.09 ± 0.09*

Galactose (Gal) 1.82 ± 0.09 1.80 ± 0.08 1.71 ± 0.07 1.80 ± 0.07

Glucose (Glc) 26.77 ± 1.36 26.52 ± 1.81 28.85 ± 3.58 29.56 ± 0.79

Mannose (Man) 1.50 ± 0.1 1.55 ± 0.06 1.77 ± 0.00 1.72 ± 0.09

Rhamnose (Rha) 0.68 ± 0.06 0.70 ± 0.04 0.55 ± 0.08 0.61 ± 0.04

Xylose (Xyl) 11.93 ± 1.23 12.04 ± 1.39 13.37 ± 0.48 12.76 ± 0.54

Lignin (Klason) 33.54 ± 0.85 33.45 ± 1.63 29.88 ± 1.15 30.07 ± 1.00

The values are shown as average percent ± SD for each cell wall component. Signi�cant changes are indicated by asterisk (*) with p-value ≤ 0.05 as
determined by two-tailed t-test.

 

Figures

Figure 1

Analysis of berry and leaf soluble carbohydrates in asymptomatic and symptomatic vines. Berry sugars were determined at commercial harvest (a).
Leaf soluble sugars and starch were determined in lyophilized mature leaf tissues (B, c). Asterisks indicate signi�cant changes as determined by paired
t-test (p value ≤0.05). AS, asymptomatic; S, symptomatic samples.
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Figure 2

Glycome pro�ling analyses of winter cane woods of asymptomatic and symptomatic Merlot and Syrah cultivars. Sequential extracts were made from
the cane wood cell walls of asymptomatic and symptomatic Merlot and Syrah vine varieties as explained in the method section. The extracts were
subsequently screened with a comprehensive suite of cell wall glycan directed mAbs whose glycan speci�cities are depicted in the right-hand side panel.
The binding strengths of the mAbs are depicted as a heatmap color scheme in which brightest yellow, red and dark blue colors depicting strongest,
medium and lowest binding respectively. The gravimetric amounts of carbohydrate materials recovered for each extraction is shown as a bar graph on
top of the heatmaps. The extraction conditions are depicted in the lower panel.
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Figure 3

SOM clustering of antibody signal intensities obtained from glycome pro�ling analyses. The different extraction conditions are shown below each
cluster. The number in parenthesis indicate the total number of antibody signals in each cluster.
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