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SUMMARY

Woody plant material represents a vast renewable resource that has the potential to produce biofuels and

other bio-basedproductswith favorable netCO2 emissions.1,2 Its potential has beendemonstrated in a recent

study that generated novel structuralmaterials from flexiblemoldablewood.3Apple rubberywood (ARW) dis-

ease is the result of a viral infection that causes woody stems to exhibit increased flexibility.4 Although ARW

disease is associatedwith the presence of anRNA virus5 known as apple rubberywood virus (ARWV), how the

unique symptoms develop is unknown. We demonstrate that the symptoms of ARWV infections arise from

reduced lignification within the secondary cell wall of xylem fibers and result in increased wood digestibility.

In contrast, the mid-lamellae region and xylem ray cells are largely unaffected by the infection. Gene expres-

sion andproteomic data fromsymptomatic xylemclearly show the downregulation of phenylalanine ammonia

lyase (PAL), the enzyme catalyzing the first committed step in the phenylpropanoid pathway leading to lignin

biosynthesis. A large increase in soluble phenolics in symptomatic xylem, including the lignin precursor

phenylalanine, is also consistent with PAL downregulation. ARWV infection results in the accumulation of

many host-derived virus-activated small interfering RNAs (vasiRNAs). PAL-derived vasiRNAs are among

the most abundant vasiRNAs in symptomatic xylem and are likely the cause of reduced PAL activity. Appar-

ently, the mechanism used by the virus to alter lignin exhibits similarities to the RNAi strategy used to alter

lignin in genetically modified trees to generate comparable improvements in wood properties.6–8

RESULTS AND DISCUSSION

Secondary xylem morphology is perturbed by apple

rubbery wood disease

Concerns over the rising carbon footprint and depletion of non-

renewable fossil fuels have encouraged the use of cleaner and

sustainable alternatives. Wood from trees represents a sustain-

able natural resource that has the potential to lock up carbon

from the atmosphere and act as a feedstock for the synthesis

of fuels and other novel chemicals and materials.2,3,9 Although

the woody secondary cell wall contains a high proportion of car-

bohydrates, the presence of the phenolic polymer lignin makes

the cell wall recalcitrant to breakdown.10 Consequently, chemi-

cal treatments are used prior to cellulose hydrolysis, increasing

the expense and carbon footprint. Lignin biosynthesis has also

been altered genetically,6,11,12 and labile bonds have been intro-

duced to make lignin more susceptible to breakdown;8 however,

these strategies rely on genetic modification andmust overcome

both public hostility and regulatory hurdles that have prevented

the growth of genetically modified trees in many parts of the

world.13,14

Apple trees infected with apple rubbery wood (ARW) disease

exhibit abnormally flexible branches (Figures S1A and S1B).

The disease is associated with the presence of apple rubbery

wood virus (ARWV), a negative-stranded RNA virus belonging

to the Bunyaviridae family.5 Although ARW disease was largely

eliminated from commercial rootstocks and it is no longer

economically relevant, it remains of interest because of the

highly unusual symptoms exhibited by infected trees. We are

not aware of any other virus causing symptoms that are remotely

similar to those exhibited by ARWV-infected trees.

Histochemical analysis of sections from uninfected branches

shows the blue staining of cellulose by astra blue is masked by

the red staining of lignin by basic fuchsins (Figure 1A); however,
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Figure 1. Symptoms of ARWV infection

(A–C) Histochemical staining (A and B) and Ramanmaps (C) of uninfected (top) and ARWV symptomatic xylem (bottom). Stains are astra blue/basic fuchsins that

stains cellulose blue and lignin red (A) and ZnCl2/KI that stains lignified cell walls yellow and cellulose purple. (C) Ramanmaps showing the distribution of cellulose

and lignin, obtained by integrating the Raman signal between 2,770 and 3,040 cm�1 and 1,540 and 1,760 cm�1, respectively. Scale bars indicate 100 mm (A),

25 mm (B), and 3 mm (C). Fibers (f), ray cells (r), vessel (v), cell lumen (l), and mid lamellae (m) are indicated.

(D–G) Cell wall composition of xylem from uninfected (UN), asymptomatic (ASYM), and symptomatic (SYM) ARWV-infected trees. Numbers on individual bars

indicate the sample size.

(H) Sugar release from uninfected and symptomatic xylem with either no pre-treatment or pre-treatment with either acid (H2SO4) or alkali (NaOH).

(legend continued on next page)
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sections from symptomatic pliable branches exhibit strong blue

staining suggestive of decreased lignification. In symptomatic

xylem, the poorly lignified fibers exhibit secondary cell walls

that are much thicker than equivalent fibers from uninfected xy-

lem or from adjacent vessels and ray cells, while the ray cells and

mid lamellae of the fiber cells appear unaffected (Figure 1B).

Closer examination with transmission electron microscopy re-

vealed that the fiber secondary cell walls are so thick that in

mature fibers almost no cell lumen remains (Figure S1D). This

phenotype has been previously reported for other plants with

altered lignin biosynthesis15,16 and results from reduced

lignification allowing other components to expand. Vessels

also appear somewhat misshapen in symptomatic xylem

(Figures 1B and S1D), though they retain an opening that is pre-

sumably sufficient for water transport. Furthermore, the thick-

ness of the vessel cell wall is comparable with vessels in unin-

fected xylem (Figure S1D), suggesting vessel cell walls are

largely unaffected. To confirm the histochemical analysis,

Raman imaging was used to obtain a high-resolution measure

of the distribution of cellulose and lignin. Although lignin is pre-

sent throughout the cell walls of uninfected xylem, it is largely ab-

sent from the secondary cell walls in symptomatic xylem and is

limited to the mid lamellae (Figure 1C).

Secondary cell walls in symptomatic xylem exhibit

reduced lignin content

In many cases, the presence of symptoms was patchy along the

length of the infected branch, and even in the most flexible

branches, areas of asymptomatic xylem were still found (Fig-

ure S1C). To obtain the most accurate measure of cell wall alter-

ations in symptomatic xylem, symptomatic and asymptomatic

regions of the xylem were separated by dissection prior to

biochemical analysis. Cell walls from symptomatic xylem had a

22%–26% higher crystalline cellulose content than either unin-

fected or asymptomatic xylem (Figure 1D). Total non-cellulosic

monosaccharide content was marginally increased in symptom-

atic cell walls (Figure 1E), though the composition was unaltered

(Figure S1E). Xylose content, which presumably derives from

xylan, the major sugar of woody cell walls in most hardwoods,17

was similar in uninfected and symptomatic xylem. Acetyl bro-

mide-soluble lignin was reduced by a third in cell walls from

symptomatic xylem (Figure 1F). Although this reduction in lignin

is larger than previously reported, this likely reflects our use of

only symptomatic xylem tissue.18 Furthermore, the reduction

of lignin specifically in the secondary cell walls of the xylem fibers

is likely even greater than the 30% reduction in the total xylem.

Although lignin content is substantially reduced, the soluble

phenolic content of symptomatic xylem was approximately

2-fold higher than in non-symptomatic wood (Figure 1G). A spe-

cific decrease in lignin was confirmed by 13C solid-state NMR

(Figure S1F). Decreases in the heights of peaks with signals at

153, 133, and 56 ppm in the symptomatic spectra demonstrate

that syringyl subunits connected by b-O-4 linkages and me-

thoxyl groups of lignin monomers were reduced in symptomatic

cell walls (Figure S1F). The reduction of lignin caused a propor-

tional increase in the spectra for the remaining cell wall polysac-

charides: cellulose and hemicellulose (Figures 1D and 1E).

Altered lignin can improve the yield of sugar released from cel-

lulose hydrolysis.6,19 Consequently, we assessed the digestibil-

ity of symptomatic xylem by measuring reducing sugars

released by cell-wall-degrading enzymes. After 18 h, symptom-

atic xylem yielded 3-fold more sugar than uninfected xylem

(Figure 1H). Pre-treatment with alkaline, but not acid, further

enhanced sugar release. The quantity of sugar released from un-

treated symptomatic xylem was similar to that released from

NaOH-treated uninfected xylem (Figure 1H). Reduced lignifica-

tion of symptomatic xylem fibers was most likely the predomi-

nant factor that enhanced cellulose.19

PAL gene expression and protein abundances are

reduced in symptomatic xylem

We performed RNA-sequencing analysis on RNA from newly

differentiating symptomatic and uninfected xylem. Using a

false discovery rate (FDR) adjusted p value < 0.01 and a log-

fold change, ±2, 668 genes were differentially expressed

(Table S1). Various genes involved in lignin biosynthesis were

differentially expressed in symptomatic xylem. There are 6 pre-

dicted PAL1 genes in apple; however, PAL1A and PAL1B are

themost abundant in xylem and both are significantly downregu-

lated in symptomatic xylem (Tables 1 and S1). In contrast, homo-

logs of 4CL, COMT1, F5H, CAD, and CHORISMATE MUTASE 2

were upregulated in symptomatic xylem (Tables 1 and S1).

Proteomic analysis using the same material used for RNA-

sequencing indicated that 111 proteins exhibited a greater

than 2-fold change in abundance with a p value % 0.05

(Table S2). 8 of these 111 proteins were associated with phenyl-

propanoid metabolism (Table 1). PAL1A and PAL1B exhibited a

reduction in protein levels in symptomatic xylem of 13 and 11

fold, respectively,(Table S2), a slightly larger reduction than

that seen for gene expression (Table 1). Strong reduction of

PAL1 indicates that the first committed step in lignin biosyn-

thesis may be compromised during ARWV infection. Peptides

corresponding to caffeic acid 3-O-methyltransferase (COMT),

another enzyme involved in lignin biosynthesis, were reduced

by 2-fold in symptomatic xylem even though COMT1 gene

expression was over 8-fold higher (Table 1) and is the likely

cause of reduced syringyl lignin in symptomatic xylem (Fig-

ure S3). Homologs of LAC15,20 PRX25,21 and PRX5222 that are

involved in polymerizing monolignol subunits in Arabidopsis

were significantly more abundant in symptomatic xylem

(Table 1).

Alteration in phenylpropanoids in symptomatic xylem is

consistent with PAL downregulation

Of the approximately 2,774 profiled compound ions detected, 28

had a 2-fold change in abundance with a p value% 0.001 and an

average abundance of at least 100 in either uninfected or

symptomatic xylem (Figure 2; Table S3). Several oligolignols

Comparisons were made using a one-way ANOVA and Tukey’s multiple comparison test (D–G) or a two-way ANOVA and a Sidak’s multiple comparison test

(H). Asterisks indicate significance (p > 0.05, *p % 0.05, **p % 0.01, ***p % 0.001, ****p % 0.0001). Bars show standard error of the mean (D–G) or standard

deviation (H).

See also Figure S1.
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were significantly reduced in symptomatic xylem to less than

one-third of their abundance in uninfected xylem (Table S3).

Decreased oligolignols and increased soluble phenolics have

been observed previously in plants with altered lignification23–

25 and are consistent with the defect in symptomatic xylem re-

sulting from a decrease in the flux of phenylpropanoids into lignin

biosynthesis.

By lowering the significance threshold to p% 0.01, we found

that the substrate for phenylalanine ammonia lyase (PAL),

phenylalanine and N-acetylphenylalanine, a potential derivative

of phenylalanine, were 18- and 3-fold more abundant in symp-

tomatic xylem, respectively (Figure 2; Table S3), and they have

been found to accumulate in Arabidopsis and Petunia pal

mutants.26,27 Two butanedioic acids exhibited the second- and

third-largest fold increase in symptomatic xylem (Figure 2).

Neither 2-[hydroxy(phenyl)methyl] butanedioic acid nor

2-[hydroxy(hydroxyphenyl)methyl] butanedioic acid has been

previously reported in plants. Both phenylalanine and tyrosine

are synthesized from chorismate, either in the chloroplast28 or

the cytoplasm29 (Figure 2). We observed a 5-fold increase in

the expression of CHORISMATE MUTASE 2 (Table 1), suggest-

ing increased flux through the cytoplasmic pathway (Figure 2).

The synthesis of phenylalanine via the cytoplasmic pathway oc-

curs via phenylpyruvate (PPY) and hydroxyphenyl pyruvate

(HPY) that differ only by the same hydroxyl group

distinguishing the two butanedioic acids that accumulate in

symptomatic xylem, suggesting that these novel compounds

may be synthesized via PPY and HPP (Figure 2). The downregu-

lation of PAL and the accumulation of phenylalanine and com-

pounds derived from the shikimate pathway intermediates are

all consistent with the suppression of PAL during ARWV infection

(Figure 2).

Catechin is a well-characterized secondary metabolite that is

relatively abundant in apple xylem and is increased by almost

2-fold in symptomatic xylem (Figure 2). Catechin synthesis

requires coumaryl-CoA, a lignin biosynthesis intermediate

generated downstream of PAL (Figure 2). The site of catechin

biosynthesis in woody tissue is unknown, but it is unlikely to

occur in fiber cells where phenylpropanoid flux is largely directed

toward lignin biosynthesis for structural support. Ray cells are a

Table 1. Expression of phenylpropanoid genes and proteins in apple xylem

Gene ID Annotation FC in gene expression FC in protein abundance

Shikimate pathway

MD08G1057400 chorismate mutase 2 (CM2) 51.00 N/A

Lignin biosynthetic pathway

MD01G1106900 phenylalanine ammonia

lyase 1A (PAL1A)

�5.12 �12.97

MD07G1172700 phenylalanine ammonia

lyase 1B (PAL1B)

�4.95 �11.04

MD12G1116700 phenylalanine ammonia

lyase 1C (PAL1C)

N/A �3.18

MD13G1113700 4-coumarate-CoA ligase

(4CL)

8.43 N/A

MD10G1064200 ferulate 5-hydroxylase 1

(F5H1)

4.62 N/A

MD07G1300200* caffeic acid 3-O-

methyltransferase 1

(COMT1)

8.85 �2.02*

MD10G1155000 cinnamyl alcohol

dehydrogenase 7 (CAD7)

4.71 N/A

MD15G1008100 cinnamyl alcohol

dehydrogenase 9 (CAD9)

7.02 N/A

MD01G1234900* laccase 15 (LAC15) N/A 5.31*

MD07G1230500 peroxidase 52 (PRX52) N/A 4.03

MD15G1172800 peroxidase 25 (PRX25) N/A 2.54

Flavonoid pathway

MD06G1201700* flavonoid 30 mono-

oxygenase

N/A 3.11*

MD03G1010700 dirigent protein 22 5.28 4.77

Fold change (FC) in transcript and protein abundance is expressed in terms of symptomatic xylem relative to uninfected xylem. All genes exhibit

significantly altered expression, with an FDR-adjusted p value% 0.01 and logFC ±2. All proteins exhibit significantly altered abundance, with a p value

% 0.05 and FC ±2. Genes and proteins not differentially expressed are indicated by N/A. Values marked with an * have multiple gene IDs because

individual proteins could not be distinguished during the proteomic analysis: COMT1 (MD07G1300200, MD01G1229100, MD01G1219000,

MD01G1229000, MD07G1209500, MD07G1209700, MD07G1300300, MD07G1301100), LAC15 (MD01G1234900, MD07G1307400,

MD07G1308000), and flavonoid 30-mono-oxygenase (MD06G1201700, MD14G1210700). See also Figure S2 and Tables S1 and S2.
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Figure 2. Potential disruption of phenylpropanoid biosynthesis in symptomatic xylem fibers

Arrows represent enzymatic steps in the shikimate and phenylpropanoid pathways (gray). Dashed arrows coupled with a question mark indicate steps that are

uncharacterized in angiosperms. Enzyme names in boxes are involved in the chloroplastic pathway, while enzyme names in italics are involved in the cytosolic

pathway for phenylalanine synthesis. In fibers exhibiting ARWV symptoms, the pathway to lignin biosynthesis is inhibited by downregulation of PAL. Those

pathways proposed to take place in ray cells, which appear to be unaffected by ARWV, are enclosed by a dashed box. Graphs show mean abundance of

metabolites in uninfected (white bars) and symptomatic (gray bars) xylem. Asterisks indicate significance based on a t test (*p% 0.05, **p% 0.01, ***p% 0.001).

Abbreviations are as follows: CM, chorismite mutase; PDH, pyruvate dehydrogenase; PDT, prephenate dehydratase; HPP-AT, hydroxyphenylpyruvic acid

aminotransferase; PPA-AT, prephenic acid aminotransferase; PPY-AT, phenylpyruvic acid aminotransferase; ADT, arogenate dehydratase; ADH, arogenate

dehydrogenase; PAL, phenylalanine ammonia lyase; C4H, cinnamate-4-hydroxylase; and 4CL, 4-coumarate-CoA ligase.

See also Figure S3 and Table S3.
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more suitable candidate for the site of catechin biosynthesis

because they are known to have a more complex metabolism,

and while they form lignified secondary cell walls, this process

appears unaffected by ARWV infection (Figure 1).

Symptomatic xylem exhibited a 17-fold reduction in sinapal-

dehyde together with a significant reduction in syringic acid

4-O hexoside (Figure S3). Reductions in sinapaldehyde and

related derivatives are consistent with the lower abundance of

COMT1 proteins in symptomatic xylem (Table 1) and the reduc-

tion of b-O-4 linkageswithin syringyl subunits in symptomatic xy-

lem (Figure S1F). Although alterations in COMT1 may alter the

lignin subunit composition, it is unlikely to substantially reduce

total lignin accumulation.

Downregulation of PAL is a result of virus-induced RNA

interference

ARWV possesses only three open reading frames (ORFs) encod-

ing well-characterized viral proteins unlikely to cause specific re-

ductions in PAL.5 In several cases, it has been demonstrated that

viral symptoms are a result of small interfering RNAs (siRNAs)

generated from the virus being homologous to a gene from the

host plant that results in the targeting and downregulation of

the gene as part of the plant’s defense against the virus.30,31

To explore this possibility, we sequenced sRNAs from ARWV-in-

fected and -uninfected grafts, mapped all the sRNA sequences

against the ARWV genome, and then remapped them against

the apple transcriptome. We identified 54 sRNA sequences

that were found in all 4 viral samples with more than 10 reads

per sample (Table S4). The psRNATarget identified 6,888 poten-

tial target sites in the apple transcriptome; however, only one

sRNA sequence identified 2 PAL genes as potential target sites,

albeit with the lowest confidence score and involved only in the

inhibition of translation. Consequently, there is no evidence to

suggest that siRNAs generated from ARWV are responsible for

the decrease in PAL expression.

Virus-activated small interfering RNAs (vasiRNAs) are part of

the plant’s responses to viral infection.32 These vasiRNAs are

generated from several plant genes. vasiRNAs cause wide-

spread silencing of host genes32 and are considered to form

part of the host’s broad-based antiviral defense. To investigate

Table 2. Changes in siRNAs levels in symptomatic xylem

Gene ID Description LogFC LogCPM

MD14G1073400 ARM repeat superfamily protein 6.47 5.62

MD07G1102500 – 6.02 5.32

MD15G1425900 ATPase E1-E2 type family protein/haloacid

dehalogenase-like hydrolase family protein

5.96 5.28

MD11G1214800 GDSL-like lipase/acylhydrolase superfamily

protein

5.78 5.20

MD10G1106500 glycosyl hydrolase family 10 protein 5.72 5.15

MD07G1172700 PAL1B* 5.38 14.69

MD08G1186400 exordium like-2 5.35 5.67

MD00G1144300 – 5.31 4.92

MD01G1106900 PAL1A* 5.28 13.51

MD16G1201800 ATPase E1-E2 type family protein/haloacid

dehalogenase-like hydrolase family protein

5.23 4.90

MD02G1005300 FAD/NAD(P)-binding oxidoreductase family

protein

5.09 4.82

MD06G1047600 expansin-like B1 5.08 4.84

MD11G1218000 non-coding RNA 4.97 4.79

MD03G1010800 – 4.72 4.69

MD15G1345400 eukaryotic aspartyl protease family protein 4.39 5.12

MD01G1196100 C-repeat/DRE binding factor 2 4.35 5.74

MD12G1016200 nucleotide-diphospho-sugar transferases

superfamily protein

4.34 5.40

MD15G1372400 phosphate-responsive 1 family protein 4.15 6.03

MD05G1143500 hydroxy methylglutaryl CoA reductase 1 4.13 5.54

MD09G1039300 zinc finger (AN1-like) family protein 4.07 5.58

MD17G1234700 pentatricopeptide repeat (PPR) superfamily

protein

4.05 5.98

MD04G1210300 phosphoglycerate mutase family protein 4.04 5.22

MD07G1126500 BON association protein 2 3.97 5.68

MD12G1038600 NDR1/HIN1-like 3 3.78 6.63

The top 24 genes that had the largest fold change in abundance. Both log fold change (FC) and log counts per million (CPM) are expressed in terms of

symptomatic xylem relative to uninfected xylem. PAL1A and PAL1B are denoted by *. See also Tables S4 and S5.
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vasiRNAs, we mapped the sRNAs directly to the apple genome

and identified siRNAs mapping to 125 plant genes that were

significantly upregulated in infected tissue (Tables 2 and S5).

siRNAs homologous to the 3 PAL genes, which we had

previously identified as being downregulated during infection

(Table 1), exhibited some of the biggest changes in siRNA abun-

dance and were 220 times more abundant in RNA from ARWV-

infected xylem (Tables 2 and S5). These vasiRNAs are the likely

cause of PAL suppression. Why PAL would be targeted in this

way is unclear. It is possible that some of the novel phenylpropa-

noid compounds generated may have antiviral properties.

Aside from PAL, no other lignin biosynthesis genes or tran-

scripts are downregulated (Table 1), and only PAL transcripts

are associated with an increased mapping of vasiRNAs genes

(Table 2). Consequently, the alteration in lignin appears to be

initiated by vasiRNAs that decrease levels of PAL mRNA and

protein. Changes in the expression and abundance of other

mRNAs and proteins associated with lignin and phenylpropa-

noid biosynthesis are likely to be the result of a feedback mech-

anism resulting from the decrease in lignin biosynthesis and/or

the accumulation of soluble phenolics.

A biomimetic approach to biomass improvement

We are not aware of any other virus that can cause symptoms

primarily by altering a major metabolic pathway, such as lignin

biosynthesis. Although there has been considerable success in

engineering lignin to enhance sugar release,8,11,12,33,34 mutants

with severe lignin alterations can lead to growth abnormalities,6

and this is the case when the PAL gene function is knocked

out.35 The normal growth of ARWV-infected apple trees is likely

a result of the lignin alterations being largely confined to the xy-

lem fibers, as xylem vessels retain a distinct lumen suitable for

water transport and do not exhibit the severely collapsed vessels

exhibited in some plants with altered lignification.16 Similarly, the

normal plant yield can be maintained when lignin biosynthesis is

reduced in fibers only as opposed to all cell types.36

The variable nature of ARW disease means that infected trees

are of little value in generating improved wood. However,

revealing the molecular mechanism underlying ARWV symp-

toms offers an opportunity to improve the woody properties of

commercially important trees by effectively copying the mecha-

nism by which the virus induces symptoms. Using RNAi or

CRISPR to downregulate PAL should reproduce the ARWV

symptoms in woody trees. Further support for the feasibility of

this approach comes from a study in poplar that revealed that

PAL downregulation using RNAi gave the largest reductions in

lignin with only limited impact on growth.7

Finally, widespread genetic engineering of many plants is

limited by regulatory hurdles and public opposition, and this ap-

pears particularly true for trees.13,14 It is apparent, however, that

technologies considered as new and under regulatory oversight

exhibit similarities to events considered to occur naturally. For

example, the genome sequence of sweet potato revealed a

T-DNA insertion resulting from a historic Agrobacterium infec-

tion. This insertion was limited to domesticated varieties and

presumably confers some trait that was beneficial for domesti-

cation.37 Here, we show that the mechanism of siRNAs interfer-

ence used by the virus shares many similarities to mechanisms

of RNAi and antisense that have been used more recently to

genetically engineer lignin.7 A long history of safe use is an

important criterion used to assess the risk associated with any

novel plant variety. ARWV is now largely, if not totally, eliminated

from commercial apple trees; however, an extensive survey in

the UK during the 1950s when ARWV was widespread revealed

that in some cases, over 50% of apple trees sampled were in-

fected with ARWV.38 Since the disease was present across the

globe for several decades,39 even conservative estimates would

suggest that many thousands of infected apple trees were prop-

agated, and millions of apples from ARWV-infected trees were

eaten with no known adverse health or environmental conse-

quences despite the siRNA-induced alterations in lignin caused

by the plant’s response to the virus.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Iodine Millipore Sigma Cat#207772

Potassium-iodide Millipore Sigma Cat#221945

Sodium hydroxide Fisher Cat#AAA1603736

Zinc Chloride Fisher Cat#AAA1628136

Toluidine Blue Millipore Sigma Cat#89640

Safranin-O Millipore Sigma Cat#S2255

Astra Blue Solmedia Ltd Cat#DYE001-C

HEPES Millipore Sigma Cat#H3375

Anthrone Millipore Sigma Cat#319899

Glutaraldehyde Agar Scientific R1012 100ml

Paraformaldehyde Agar Scientific Cat#R1102 500g

Potassium Hexacyanoferrate (II) trihydrate Merck Cat#60279-250G

Osmium Tetroxide 5x5ml ampules at 4% Agar Scientific Cat#R1024

Sodium cacodylate Agar Scientific R1018 500g

Uranyl acetate Taab U001 50g

Medium TAAB LV Resin premix kits medium Taab T262

Sodium borohydride Sigma 213462-25g

Acetyl bromide Millipore Sigma Cat#135968

Hydroxylamine Hydrochloride Millipore Sigma Cat#159417

Myo-inositol Millipore Sigma Cat#I5125

Chloroform Fisher Cat#15498679

Formic acid Millipore Sigma Cat#F0507

TEAB Millipore Sigma Cat#140023

Acetonitrile Pierce 51101

Methanol Fisher M/4000/17

Acetone Fisher A/0600/PC17

Ethanol Fisher E/0650DF/P17

Ammonia Fisher A/3295/PB05

Dichloromethane Sigma 270997-1L

Cyclohexane Sigma 34859L

1-methylimidazole Sigma 336092-100ML

Acetic anhydride Millipore Sigma Cat#AX0080

Glacial acetic acid Fisher A/0400/PB1

Nitric acid Fisher N/2300/PB15

Sulphuric acid Fisher S/9160/PB15

Sodium dodecyl sulphate Sigma 75746-1KG

Glycerol Fisher G/0650/08

Dithiothreitol Thermo R0862

Arabinose Sigma 14/112-17

Glucose Sigma G/0500/61

Galactose Sigma G-0750

Xylose BD 218110

Mannose Sigma 11,258-5

Rhamnose Sigma 17,198-0

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Gallic acid Sigma G-0750

Hydrochloric acid Fisher H/1200/PB15 1l

Methanol Fisher M/4000/17

Ultra-pure methanol VWR 85800.290

BCA protein assay reagent Merck Millipore 71285-3

Amylase Millipore Sigma Cat#A3306

Pullulanase Millipore Sigma Cat#E2412

Cellulclast/Novozyme 188 enzyme cocktail University of York N/A

Iodoacetamide Sigma Cat#I1149

Dithiothreitol for proteomics Fisher Cat#BP172-5

Triethylammonium bicarbonate Sigma Cat#T7408-100mL

0.1% aqueous Formic acid Merck Cat#1.59013.2500

Acetonitrile Fisher Cat#A955-1

S-TRAP columns Protifi Cat#CO2-micro-80

TPCK treated trypsin, Worthington Cat#LS003740 100mg

Deposited data

RNA dataset This study Array express

E-MTAB-11410

sRNA dataset This study Array express

E-MTAB-11409

Proteomics dataset This study ProteomeXchange PXD03134

Metabolomics dataset Raw data Metabolights Metabolights project MTBLS4632

Biological samples

Lord Lambourne budwood East Malling Research Station,

Kent, UK

N/A

Lord Lambourne budwood infected with ARWV East Malling Research Station,

Kent, UK

N/A

MM106 2 year 5-7mm rootstock Frank P Matthews Tree Shop Cat#106634

Software and algorithms

WITec Project software v5.3 WITec Project software https://raman.oxinst.com

Progenesis QI software v2.1 Progenesis QI software https://waters.com

Inkscape 1.1 Inkscape Software https://inkscape.org/

ChemSketch ChemSketch https://www.acdlabs.com/

Progenesis QI for proteomics Progenesis QI software https://waters.com

psRNAtarget 2017 release Dai et al.40 https://www.zhaolab.org/psRNATarget/home

DESeq2 v1.18.1 Love et al.41 https://bioconductor.org/packages/release/

bioc/html/DESeq2.html

STAR v2.4.2 Dobin et al.42 https://github.com/alexdobin/STAR/tree/

STAR_2.4.2a

Galaxy 20.5 maintained locally. Afgan et al.43 https://usegalaxy.org

EdgeR using the Galaxy wrapper Robinson et al.44 toolshed.g2.bx.psu.edu/repos/iuc/edger/

edger/3.24.1+galaxy1

Bowtie1 using the Galaxy wrapper Langmead et al.45 toolshed.g2.bx.psu.edu/repos/devteam/

bowtie_wrappers/bowtie_wrapper/1.2.0

HiSat2 using the Galaxy wrapper Kim et al.46 toolshed.g2.bx.psu.edu/repos/iuc/hisat2/

hisat2/2.1.0+galaxy5

Htseq-count using the Galaxy wrapper Anders et al.47 toolshed.g2.bx.psu.edu/repos/lparsons/

htseq_count/htseq_count/0.9.1

GraphPad Prism v9.0.0 GraphPad Software https://graphpad.com
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources, reagents and datasets should be directed to and will be fulfilled by the lead contact,

Professor Simon Turner (simon.turner@manchester.ac.uk)

Materials availability

Apple tree material used in this study will be made available upon request without any restriction.

Data and code availability

d RNAseq and sRNAseq datasets have been deposited at ArrayExpress, the proteomic dataset has been deposited at

ProteomeXchange, and the metabolomic dataset has been deposited at Metabolights, and are all publicly available as of

the date of publication. Accession numbers are listed in the key resources table. All other datatypes in this paper will be shared

by the lead contact upon request.

d No code was generated in this study.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Plant material and growth conditions

Apple stem material was propagated from 2 uninfected and 2 ARWV-infected Lord Lambourne apple trees, which were provided by

the East Malling Research Station, Kent, UK in 1996. Budwoodwas grafted ontoM27 rootstocks using the ‘whip and tongue’ grafting

method48 in April 2017. Grafts were kept in a glass house at 22�C and one-year old stemmaterial was harvested the following year for

analysis.

METHOD DETAILS

Bright field microscopy

Fresh apple stemmaterial was cut between nodes into approximately 1.5-inch segments and then divided longitudinally into smaller,

more manageable segments using a razor blade. 10 mm transverse segments were cut using a sliding RM2155 microtome. Cross

sections were briefly stained with the Herzberg stain [6% iodine, 14% potassium-iodide dissolved in a saturated ZnCL2 solution

(w/v)] directly on the slide49 or 0.05% Toluidine blue (w/v). For basic Fuchsin/Astra-blue staining, sections were sequentially stained

with 1% basic Fuchsin dissolved in 50% ethanol, followed by 10% Astra Blue pH 2.5 dissolved in 100% ethanol. Stained sections

were imaged immediately using a Leica 5500 microscope with a Spot RT3 camera. Sections shown in Figure 1 are representative of

more than 400 toluidine blue stained sections from uninfected and ARWV-infected trees taken over 4 successive growing seasons

frommore than 100 different grafts. For Herzberg staining, more than 100 ARWV-infected and 50 uninfected samples were sectioned

and for Astra blue staining, 4 symptomatic and 4 uninfected sections were examined. Electron micrographs are representatives of

sections from blocks from more than 10 uninfected and 10 symptomatic samples.

Isolating symptomatic xylem

To dissect symptomatic xylem from asymptomatic xylem, branches were firstly cut between nodes into smaller segments. Each cut

branch segment was then sectioned on either side and stained with 0.05% Toluidine blue to assess the distribution of symptoms

along the internode. Using the images as a guide, symptomatic regions were isolated from the branch segment with a razor blade

and the ends of the branch segment were then re-sectioned and stained to confirm the removal of all the asymptomatic regions.

If both sections showed only symptomatic regions, the whole branch fragment was regarded as entirely symptomatic. For nucleic

acid andmetabolite extraction, sample were enriched for newly differentiating xylem by scraping from symptomatic regions following

the removal of the bark.

Electron microscopy

Segments cut from fresh apple stem material were immediately placed in fixative [2% glutaraldehyde, 2% paraformaldehyde dis-

solved in 0.1 M HEPES buffer, pH 7.2, (v/v)], vacuum infiltrated and then incubated overnight at 4�C. Fixed stemmaterial was stained

for two hours in 2% reduced osmium dissolved in 0.1 M sodium cacodylate, pH 7.2 (v/v), followed by staining with 1% uranyl acetate

overnight. Stained segments were gradually dehydrated with increasing concentrations of ethanol (25%, 50%, 70%, 90%, 100%),

followed by acetone, for one hour each. Segments were progressively infiltrated with increasing concentrations of Medium TAAB

resin, mixed in acetone (25%, 50%, 75%,100%) over the course of three days and polymerised at 60�C for 5 days. Ultra-thin sections
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were cut with an ultracut microtome using a DiATOME Ultra 45� knife and mounted on 3.05 nm Athene nickel with a 0.3% formvar

coating. Grids were examined on a Tecnai T12 BioTWIN transmission electron microscope and photographed with an Orius CCD

SC1000 camera.

Cell wall sugar analysis

Uninfected, asymptomatic and symptomatic xylem segments were sliced thinly with a razor blade, flash frozen in liquid nitrogen and

stored at -80�C. Frozenmaterial was freeze dried for 24 hours and then ground into a fine powder using a Tissuelyser II for 10minutes

at 1/24 Hz. Cell walls were isolated and de-starched according to Zhang and Zhou.50 100 mg of ground freeze-dried material was

mixed with 70% ethanol, 1:1 chloroform/methanol and acetone sequentially and the remaining acetone was left to evaporate over-

night in a fume hood. Starch was removed by re-suspending the cell wall material in 5 ml 0.1 M NaOH buffer, pH 5.0, and heating at

80�C for 20minutes. After cooling on ice, 20 ml amylase solution (250 mg/ml) and 5 ml pullulanase solution was added to re-suspended

cell wall material and incubated at 37�C overnight. To stop the reaction, cell walls were heated at 100�C for 10 minutes and centri-

fuged at 1,300 x g for 10 minutes to pellet the de-starched cell walls. Samples were washed three times with distilled water and once

with acetone, leaving the acetone to evaporate.

Crystalline cellulose content was quantified using the Updegraff method using 6 uninfected, 8 asymptomatic and 8 symptomatic

samples.51Hemicellulose was removed from approximately 10mg cell wall material by adding Updegraff reagant (glacial acetic acid:

nitric acid: water, 8:1:2) and heating samples at 100�C for 30 minutes. Samples were centrifuged for 10 minutes and the supernatant

was discarded. Samples were washed with distilled water and acetoen sequentially leaving the remainder of the acetone to evap-

orate overnight in the fume hood. Crystalline cellulose was solubilised into glucose by incubating cell walls with 67% sulphuric

acid, overnight on a shaker. Tomeasure glucose content, 0.3%anthrone dissolved in sulphuric acid (v/v) was added to acidified sam-

ples or glucose standards, and samples were heated at 100�C for 5 minutes. Absorbance was measured at 620 nm on a spectro-

photometer and cellulose content was calculated from a glucose standard curve.

Non-cellulosic monosaccharides were measured with gas chromatography using 8 uninfected and 7 symptomatic samples.52

500 ml 1 M sulphuric acid was added to approximately 10 mg of cell wall material and incubated at 121 �C for 1 hour. Myo-inositol

was added as an internal control. Once cooled, samples were centrifuged for 5 minutes and 250 ml of the supernatant was added to

100 ml 9 M NH3, followed by 1 ml 2% NaBH4 dissolved in DMSO (w/v), mixed thoroughly and heated at 40�C for 90 minutes. 250 ml

glacial acetic acid was then added, followed by 250 ml 1-methylimidazole, 4 ml of acetic anhydride, and then briefly mixed. 8 ml of

double-distilled water was added, and the samples were mixed until the precipitate dissolved. 1.5 ml dichloromethane was then

added and thoroughly mixed, before incubating at 4�C overnight to extract acetylated alditol derivatives. The lower phasewas recov-

ered and heated at 55 �C for 45 minutes, or until the filtrate had evaporated. 250 ml dichloromethane and 1 ml double distilled water

was added and vortexed vigorously, to extract hydrophilic compounds into the aqueous phase. When cooled, approximately 200 ml

of the lower phasewere analysed on a Supelco SP-2330 column attached to an Agilent 6850 GC instrument. Peaks were assigned by

running 20 mg/ml sugar standards (rhamnose, arabinose, xylose, mannose, glucose, galactose and myo-inositol). Monosaccharide

content was calculated by dividing the area under each sugar peak with the correction factor determined by the myo-inositol

standards.

Digestibility assay

Stem material from 6 uninfected and 6 infected grafts were partially ground with a mortar and pestle under liquid nitrogen and then

freeze dried for 48 hours. For each sample, 100 mg was pre-treated with alkali (0.5 M NaOH for 30 minutes at 90�C), a weak acid

(0.5% H2SO4 for 30 minutes at 90�C), or it received no pre-treatment. All samples were hydrolysed with a Cellulclast:Novozyme

188 enzyme cocktail over 18 hours using an automated platform according to Gomez et al.53 Digestibility was calculated as the

adjusted nmol reducing sugars / mg material.

Raman imaging

Thin sections of �20 mm were cut on a microtome, placed on a glass slide with a drop of water and cover slip, and the edges were

sealed to prevent evaporation. Raman 2-dimensional spectral maps were acquired with a confocal Witec spectrometer equipped

with a 514.5 nm (2.41 eV) laser using a backscattering configuration. A 20mm3 20mm area of cells was selected for Raman scanning.

A 1003 objective was used, giving a laser spot size of �200 nm, and the spectral resolution wasx 1 cm�1. Spectral images were

processed and analysed using WITec Project software v5.3. Raman maps were computed from the spectra by using a sum filter,

integrating over the wavenumber range 1540-1780 cm-1 for lignin, and 2830-3040 cm-1 for cellulose.54 The images shown are

from a region that was deemed to be representative based on screening of toluidine blue stained sections.

Lignin content

Soluble lignin content was quantified from 5 mg de-starched cell wall material using an acetyl-bromide assay, based on the method

described byBarnes and Anderson.55Approximately 5mg cell wall material was incubatedwith 1ml 25%acetyl bromide dissolved in

acetic acid (v/v) and heated for 4 hours at 50�C. After cooling on ice, 5 ml glacial acetic acid was added and vortexed thoroughly.

Residual cell wall material was left to settle overnight at room temperature. 300 ml of the acetyl-bromide solution was mixed with

400 ml 1.5 N NaOH and 300 ml freshly made 0.5 M hydroxylamine hydrochloride. Samples were analysed in triplicate using a micro-

plate reader and the absorbance was recorded at 280 nm. The extinction co-efficient of lignin from Populus,56 18.21 g-1 L cm-1, was
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used to calculate the lignin content of apple. Analysis was performed on samples from 6 uninfected, 8 asymptomatic and 8 symp-

tomatic grafts,

Solid-state nuclear magnetic resonance

100mgde-starched cell wall material from an uninfected and symptomatic graft was analysed usingCP-MS 13C-NMRspectroscopy,

according to Kumar et al.57 Briefly, spectra were measured at 100.56 MHz using a Varian VNMRS spectrometer and 4-mm magic

angle spinning probe. Cross-polarisation was used to resolve spectra under the following conditions: a 2 second recycle delay, a

3 ms contact time and a spin rate of 10 kHz. The spectra were baseline corrected and normalised so that the total signal for each

sample was 100%. In the normalised spectra, peaks were assigned to secondary cell wall polymers based on chemical shifts re-

ported for secondary cell walls in Arabidopsis58 and various tree species.59–61 The spectra shown is derived from pools of uninfected

and symptomatic xylem obtained from at least 3 different trees.

Metabolomic analysis

Soluble phenolics were extracted from 10 mg of stem material according to Schenk and Schikora62 and measured using the Folin-

Ciocalteu method.63 Approximately 10mg stemmaterial was incubated in 1ml 80%methanol for 1 hour. Themethanol was replaced

with fresh methanol and then sample was pelleted, retaining the superntatnt as the soluble phenolic fraction. To measure the soluble

phenolic fraction, 200 ml of Folin-Ciocalteu reagent was added to 100 ml of the supernatant and gallic acid standards. Samples were

analysed in triplicate using a microplate reader and the absorbance was recorded at 765 nm and soluble phenolic content was

measured from a gallic acid standard curve. For metabolomics analyses, 7 uninfected and 7 infected graft segments were used. After

removing the bark, whole xylem segments were flash frozen in liquid nitrogen. Newly differentiating xylem was scraped from frozen

xylem segments and then ground into a fine powder using a mortar and pestle with liquid nitrogen. 50 mg of frozen xylem was incu-

bated with 1 ml methanol for 30 minutes at 128 rpm. Samples were centrifuged for 2 minutes and the methanol fraction was dried for

two hours using a speed vacuum. The pellet was re-dissolved in 200 ml water / cyclohexane (v/v) and 10 ml of this aqueous phase was

analysed by reverse phase UltraHigh Performance Liquid Chromatography (Waters Corporation) with negative ion ElectroSpray Ioni-

zation-Quadrupole-Time-Of-Flight-Mass Spectrometry (ESI-Q-TOF; Waters Corporation). Integration and alignment of the m/z

features were performed using the Progenesis QI software v2.1. Instrument settings and data processing parameters were as

described in Desmet et al.64 Structural characterization was performed using in-house developed characterization algorithms and

databases64,65 combined with CSI:FingerID.66,67 Metabolomics data will be deposited at Metabolights (https://www.ebi.ac.uk/

metabolights/).

RNA-Sequencing

Total RNA was extracted from the same material used for the metabolomics analysis, using the RNAeasy PlantPower kit, as per the

manufacturer’s instructions. DNA was removed using the DNAse Max kit and RNA quality and purity was determined using the Agi-

lent 4200 Tapestation. 500 ng of total RNA from 6 uninfected and 6 infected graft segments were sequenced by Illumina HiSeq4000

using 75 bp paired-end sequencing. Raw sequences were mapped to theMalus x domesticaGDDH13 v1.1 genome and genes were

annotated68 using the RNA-sequencing aligner, STAR.42 Differential gene expression was calculated using DESeq2 and the

threshold significance was set at an FDR-adjusted p-value% 0.01 and a log-fold change ± 2. Gene descriptions were added based

on the homology ofM. domestica transcript sequences with the NCBI non-redundant protein database, which was obtained from the

online M. domestica genome resource (www.rosaceae.org).

Small-RNA was extracted from 140 ng total RNA and the libraries were assembled using the NEBNext Small RNA Library Prep set

for Illumina according to the manufacturer’s instructions. 1.9 nM small-RNA libraries were sequenced by Illumina NextSeq using 50

nucleotide single end reads. All raw reads were processed using amaintained version of the Galaxy server.45 The adaptors were then

trimmed using Trim Galore (www.bioinformatics.babraham.ac.uk/projects/trim_galore) and size selected for reads of 19-25 nucle-

otides. Trimmed sequences were mapped to the ARWV genome using Bowtie1,45 which allowed only exact matches within the

seed. Sequences that mapped at least 10 times in each ARWV-infected sample were then used as input for target site analysis, using

the psRNAtarget analysis server.40 Mapping of sRNAs to the GDDH13 v1.1 genome68 was performed using HiSat246 and Htseq-

count.47 Differential expression was calculated using EdgeR,44 filtering on low counts to include genes that had a minimum of 10

reads in at least 3 samples.

Proteomic analysis

Proteins were extracted from the same material used for metabolomics, with a 1X SDS-based buffer (1.05% SDS, 32.9 mM Tris-HC

pH 8, 13.15% glycerol, 50 mMDTT). Extraction buffer was added to ground stemmaterial in a 5:1 ratio, and then samples were heat-

ed for 10 minutes at 65�C. Extracts were centrifuged for 10 minutes at 3,000 x g and the liquid phase was retained. 75 mg from each

sample was purified and bound to an S-Trap micro column and digested with 5 mg trypsin, according to the manufacturer’s instruc-

tions. Peptides were eluted with 40 ml 50mM TEAB, 40 ml 0.2% formic acid and 35 ml 50% acetonitrile containing 0.2% formic acid.

Pooled elutions were dried for two hours using a HETO SpeedVac. Peptides were analysed on a Q-extractive HF mass spectrometer

using ESI-QUAD-TOF. Peptide libraries were normalised to the total amount of protein and peaks were labelled based on the top 3

MS/MS spectra using Progenesis QI for proteomics. Using the MS/MS ions protein IDs were assigned using the M. domestica

genome v1.168 with MASCOT and differential protein abundance was quantified using Progenesis QI for proteomics. The threshold
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for significance was set at a minimum 2-fold change that was determined by a minimum of two unique peptides to the protein. Anal-

ysis was performed on samples from 5 uninfected and 5 symptomatic samples.

QUANTIFICATION AND STATISTICAL ANALYSIS

Biochemical data were analysed with One-Way ANOVAs combined with Tukey multiple comparison tests in GraphPad Prism v9.0.0

and significance values are indicated on Figures 1 and S1. RNA-seq and sRNA-seq data was analysed using DESeq2 and EdgeR

respectively, in RStudio v1.1453. Proteomic data was analysed using Progenesis QI for proteomics and metabolomics data was an-

alysed using Progenesis QI v.2.1 Further information for RNA-seq, sRNA-seq, proteomics and metabolomics analysis is provided in

the results and discussion, and STAR methods sections. Sample sizes and confidence intervals for all experiments are indicated in

the relevant figures and STAR methods sections. All graphs were generated in GraphPad Prism v9.0.0, chemical structures were

created in ChemSketch and biochemical pathways were constructed using InkScape.
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