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Abstract

Secondary metabolites play important roles in tree defense. Proanthocyanidins (PAs), one
of the most common secondary metabolites, are widely distributed in trees and woody plants,
and are abundant in poplar. In my research, molecular biology and biochemistry techniques were
used to investigate the function of two important transcription factors, MYB115 and MYB134,
in regulating the PA pathway in hybrid poplars. The importance of these transcription factors in
regulating PA synthesis in leaves has recently emerged, but their roles in roots are not known.
MYB134- and MYB115-overexpressing transgenic poplars showed a strong high-PA phenotype
in leaves, but how these two regulators interact in vivo is still a mystery. This research aims to
test the function of both MYBs in the regulation of PAs in poplar roots, and to explore the
antimicrobial functions of root PAs. Both alleles of the MYB genes were sequenced in wild type
poplars to design gRNAs for creating transgenic poplars with knocked-out (KO) MYB115 and
MYB134 using the CRISPR Cas9 system. Both hairy root and whole plant transgenics with
respective single- and double knock-outs were generated. Chemical and genetic characterization
of both mutant types showed reduced PA content and down-regulated flavonoid genes in leaves.
In poplar roots, only double-KOs showed a significant change in PA and salicinoid metabolism.
These results indicated that the regulatory pathways for PA biosynthesis may differ in poplar
leaves and roots. Significant PA concentrations remained in double-KO plants, suggesting other
transcription factors for PA regulation are active. Because poplars accumulate large amounts of
PAs in roots, potential functions of root tannins were also investigated. Antimicrobial activity of
PAs was tested by disc inhibition assay in vitro and mycorrhizal co-culture sandwich assay in
vivo. Pure PAs showed no inhibition towards the pathogenic fungi Armillaria ostoyae and A.
sinapina but displayed slight inhibition to the mycorrhiza fungus Laccaria bicolor. These results

provide preliminary insight into the functions of PAs in roots.



v

Table of Contents

SUPEIVISOTY COMMUTIEE ....euvvieniieeiiieiieeiieeiieeteeriteeieettesereesteesabeesbeessseeseessseenseessseenseessseenseassseenseas il
AADSTTACT ...ttt ettt ettt et e h et bt e bt e e bt e eh b e e bt e hee et e e sate e beeenteebeen 111
TaADIE OF CONLENLS .....eevtiiieiteie ettt sb ettt sb ettt s bt et eaaesbeebe st e sbeenneas v
LIST OF FIZUIES ...eeieieeciiee ettt ettt e et e e et e e e tae e ssaaeesabaeessseeeenseeesnseeensseesnsseaans vi
LISt OF TADIES ..ottt ettt et sttt et ettt ix
ACKNOWIEAZIMENLS. ....cciiiiiiiieciiee ettt e et e et e e et e e s teeesstee e sseeesseeensseesnsaeesnseeennses X
Chapter 1: Literature REVIEW.......cc.eeruiiiiiiiiiieeiieeie ettt ettt et sae e e ssaeensaesnseenseeenns 1
Introduction: Objective and Scope of the REVIEW ........ccoviiiiiiiiiiiiecieeceeeeee e 1
1. Back@round 0N TaNMINS .......cc.ceriiiiiiinieeiieie ettt ettt ettt seae et e ssaeesbeessaeenseesnseenseennns 1
1.1 Introduction to PAs and other tannins ............coooeeiiiiiiiiiiiiieeeeeee e 1
1.2 PA DIOSYNERESIS. ..cutiiiiieiieeiie ettt ettt ettt ettt ettt e s b e e bt e e sbe e seeeaaeenseeenseenneas 4
1.3 Ecological and physiological functions of tannins ............cccccceeevieeeiciieerieeecieeciee e 7
2. Distribution and localization Of PAS.......ccccoieiiiiiiieiiiieneeeece e 11
2.1 OVerview Of diStITDULION ....c..eeiuiiiiiiiiiiiete ettt ettt et 11
2.2 PA distribution and 10calization in TOOL..........ceeevuieriirriieniieeieeie et 13
3. Possible functions of tannings 1N TOOLS .......ccc.eerieriiieriiiiiieiie ettt ettt 18
3.1 Interactions with herbivores and pathogenic soil organisms............ccceeceeeeveeniienieenneenne. 18
3.2 Metal chelation and aluminum tolerance.............coceeviiiiiiiiiiiiiiiieeeee e 18
3.3 Possible roles in modulating mycorrhizal colonization.............cccceeecueenieniieniesieeneene 20
3.4 Possible roles of tannins in root nodule Symbioses .........cccceccveeeriieenieeecieeeieeeee e 21
3.5 Proposed effect of tannins on decomposition and nutrient cycling .............cccceeevvennennee. 22
4. Transcriptional regulation of PA SyNthesis.......c.ccecvuiieiiiieiiieciiece e 24
5. Objectives Of the T@SEATCH........cc.iiiiiiiiiie ettt s ens 26
Chapter 2: Methods and MaterialS..........cceeeciiieiiieiiiicciie et 28
2.1 Plant growth CONAITIONS .....cc.eeruiieiiiiiiieiieie ettt ettt st e e te e b e sebeesaesnseens 28
2.2 Sequencing of MYB115 and MYB134 ZENES ...cccuvveeiiiieiiieciiieceeeee e 28
2.3 Generation of transgenic poplars with knocked-out MYB115 and MYB134 .................... 29
2.3.1 Guide RNA (gRNA) design and vector CONStruCtiON .........cccveeeeuveeeeuieeriereerireenieeeees 29
2.3.2 Plant transformation to obtain transgenic hairy roots and whole plants...................... 30
2.3.3 Plant growth conditions and stress treatments ..........c.eeeveeerveeerieeeiieesieeeseeeeiee e 31
2.4 DNA extraction and ENOLYPING .........cecueerieerieerieeiienieeieenieeeteesseesseesseesseesseesseesseesseens 32
2.5 Histochemical STAINING......c..eeeiuiieiiieeeiieeeieeeeiee et e e rtte e et e e st e e s tee e s saeeessaeeenaeeeseeesnseeenanes 32
2.6 Phytochemical extraction, butanol-HCI tannin assay and Ultra-Performance Liquid
Chromatography analySiS.......ccueeeiieeeiiieeiieeeiieeeieeesieeeeteeesreeesaeeessaeeessaeessaeessaeesnseeesnseeennnes 33
2.7 RNA extraction, cDNA synthesis, and RT-qPCR analysis ..........cccecceerieriiienieniiienienie, 34
2.8 Fungal cultures and diSc inhibition @SSAY .......c.ccecuieeiiieeiiieeiieeeiee e e e eeeeeaeeeevee e 35
2.9 Mycorrhizal co-culture sandwich @SSaY .........ccceeuieeiieriieiiienieciieie et 35
2.10 StatistiCal ANALYSES ..eeuviieieiiiiiiieeiie ettt e et e e et e et e et a e e nrb e e eaaeeeaaeeenreeenanes 36
Chapter 3: RESUILS ....cecuiieiiecie ettt ettt et e b e et essaeebeeenaeenseessneensaenasaens 37
3.1 Validation of MYB115 and MYB134 target Senes .........ccceeevveeevieeenieeeiieeeiee e 37
3.2 Generation of MYB115 and MYB134 CRISPR mutants in poplar hairy roots and whole
0] -1 01 SRS PPRPS 42



3.2.2 Positive transformants recovered with hairy root and whole plant...............ccccueeene. 44
3.3 Genotyping analysis of CRISPR mutants in poplar hairy roots and whole plants ............. 46
3.4 Chemical and genetic characterization of hairy root and whole plant mutant phenotypes 54

3.4.1 PA, flavan-3-ol, and salicinoids composition in transformed hairy root lines ............ 54

3.4.2 Analysis of gene expression for key flavonoid and tannin biosynthetic and

transcription factor genes in hairy ro0t liNeS...........cocueeuieiiieriieniiieieeie e 56

3.4.3 Phenotypes of whole plant knock-out mutants treated by high-light after being grown

T ZIEEINOUSE ..ottt ettt ettt et ettt e et e et e e st e eabeenseeenseenseesnseenseesnseenseennns 57

3.4.4 Whole plant knock-out mutants show reduced tannins and tannin precursor catechin

When Grown 1N GrEENNOUSE ......ccueeiiieiieiiieiieeieetee ettt eeete et e steebeeseaeeseesabeebeessseenseesnseans 58

3.4.5 Gene expression analysis of key flavonoid biosynthetic genes and transcription factors

1N Whole plant MULANTS ........cc.eiiiiiiiieiiee ettt et eebe e 62
3.5 Disc diffusion assay for testing inhibitory effects of purified PAs and catechin on
Armillaria sp. and Laccaria DICOLOT .............ccoovoueeciieiieiiieiieeiiese et 65
3.6 Bioassays of roots with fungi via sandwich co-culture system between in vitro poplar roots
and mycorrhizae L. DICOLOT. ....c..iiiiiiiiiiiieiie ettt e en 68

CRAPLET 4: DISCUSSION ...eieuiiieiiiieeiieeeitieeeitteeeiteeeesteeestaeesseeesssaeessseeessseeassaeessseesssseesssseessseeessseeenns 72
4.0 SUMMAry Of KEY TESULLS ....ccuiiiiiiiiieiie ettt ettt enaeens 72
4.1 MYBI115 and MYB134 sequences in P. tremula x alba 717-1B4 and P. tremula *
tremuloides 353-38 genotype show slight differences compared to genome databases........... 72
4.2 Editing efficiency of CRISPR Cas9 in poplar..........ccceeeeiieeiiieeiiieciee e 73

4.3 Biochemical and gene expression analysis of MYB115 and MYB134 single knock-out as
well as double knock-out plants reveals that the transcriptional regulation of PA synthesis may

differ in leaf’ and OOt LISSUES........oouiiiiiiiieiieriteee ettt sttt 75
4.4 The functional interaction of MYB115 and MYB134 in regulating PA biosynthesis ....... 76
4.5 Phenotypes of double knock-out plants suggest phytohormone profiles or sugar availability
CRANIEE ..ottt e e e et e e et e e e s ateeeesteeeassee e ssee e sbaeesaeeensaeeennaeeenneeeenreeennnes 79
4.6 PAs effect on Armillaria and L. bicolor in vitro and in VIVO..........ceccueevieeieeniieeieeniieeniens 80
Chapter5: Overall Conclusions and Future DIirections ..........cccceccvveeriieeriieeiiee e 82
RETETEICES ...ttt sttt ettt et sbe et st sbe et e esaeenee 84
F N 0] 01S) 116 D SR SUSR PSPPSR 96
APPENAIX L.ttt ettt ettt et e et e et e et e e bt e e tbe e beesabe e bt e enbeenbeeeabeenbeeenseenseas 96
F N 0] 01S) 116 QUSSR 97
APPENAIX 3.ttt ettt ettt et e et et e et e et e e teeenbeenbeeenbeesaennteenneeenns 101
F N 08157 116 D USRS 102
APPEIAIX 5.ttt ettt ettt et ettt et e bt e e et e e bt e enbe e teeenbeenbeeenbeeseeenteenneeenes 103
FN 00157 116 D YRR 104

ADPCIAIX 7ttt ettt et h ettt b et eh e be et bt e b nees 105



vi

List of Figures

Figure 1-1: General flavonoid pathway leading to the biosynthesis of PAs (from James et al.,
2017). Black arrows indicate the demonstrated metabolic routes to PAs in poplar leaves............. 6

Figure 3-1: Poplar MYB115 DNA sequence obtained from P. tremula x P. tremuloides hybrid
INRA 353-38 (WT353) and P. tremula *x P. alba hybrid INRA 717-1B4 (WT717). (A) MYB115
exonl sequence from WT353, (B) MYB115 exon2 sequence from WT353, (C) MYBI115 exonl
sequence from WT717, (D) MYB115 exon2 sequence from WT717. SNPs are highlighted in red
or blue. Database, sequence acquired from database; Potra, P. tremula allele; Potrs, P.
tremuloides allele; alba, P. alba QllEle. ........ccccuuvvvviviiiiiiiiiiiiiii ettt 39

Figure 3-2: Poplar MYB134 DNA sequence obtained from WT717 and WT353. (A) MYB134
exonl sequence from WT353, (B) MYB134 exon3 sequence from WT353, (C) MYB134 exonl
sequence from WT717, (D) MYB134 exon3 sequence from WT717. SNPs are highlighted in red
or blue. Database, sequence acquired from database; Potra, P. tremula allele; Potrs, P.
tremuloides allele; alba, P. alba allEle. ........ccocvvvveeiiiiiiiieiiiii e 41

Figure 3-3: Schematic representation of the MYB genes fragments, indicating the sgRNA target
sites and sequences. Exons and introns are represented by gray boxes and gray lines,
respectively. The target sites for each CRISPR/Cas9 nuclease are indicated by red arrows,
sgRNA target sequences are indicated in red and underlined, and protospacer adjacent motifs
(PAM) are displayed 1N DIUE. ......cccuieiiiiiieiiecieee ettt sae et ae e eseneens 43

Figure 3-4: CRISPR/Cas9 binary plasmids for targeted genome mutagenesis. (A) Examples of
two types of vectors targeting two loci simultaneously with eGFP marker in p201G vector and
kanamycin resistance marker in p201N vector. (B) Linearized vector map. Pro35S, Cauliflower
mosaic virus enhanced CaMV promoter; MtU6, Medicago truncatula U6.6 promoter; hCas9, the
human codon-optimized Cas9 gene; LB, left T-DNA border; Kana®, kanamycin resistance gene;
HygR, hygromycin resistance gene; eGFP, eGFP fluorescent marker gene; TNos, NOS terminator
region; RB, right T-DINA DOTAET. ......ccccuiiiiiiieiieccieeeee et are e e e e seree s 44

Figure 3-5: Poplar hairy roots transformed with p201G construct expressing the eGFP marker.
(A) Non-transformed hairy roots with no fluorescence. (B) Successful transformants showing
strong green fluorescence under UV Tight. ........cccooiiiiiiiiiiiiiice e 46

Figure 3-6: Electrophoresis gels showing PCR amplicons for MYB115 and MYB134 knock-out
(KO) transformants. Detection of deletion mutations in MYB115-KO hairy roots (A) and
MYB134-KO hairy roots (B) as well as in MYB115-KO whole plants (C) and MYB134-KO
whole plants (D) respectively. The symbols above each lane indicate the transformant lines
corresponding to the lines in Table 3-3. M, DNA size marker; EV, empty vector. ..................... 47

Figure 3-7: PA concentrations in transformed hairy roots with confirmed genotypes. One-month
old hairy roots for all lines were harvested and phenolics were extracted as described in the
Methods and Materials. All data points represent the means of three individual hairy root
samples. Knock-out lines were not significantly different from controls (one-way ANOVA; p <



vii
0.05). Error bars represent SE. EV, empty vector; 115, MYB115 knock-out lines; 134, MYB134
KNOCK=0UL LINES. ...ttt sttt sttt et b e et sbe e 55

Figure 3-8: Catechin concentration in CRISPR mutants and control poplar hairy root cultures.
Catechin was quantified based on the UV response at 280 nm. Bars represent means + SE of
three biological replicates per line. Data were analyzed by one-way ANOVA and no significant
difference were found among these lines. EV, empty vector; 115, MYB115 knock-out lines; 134,
MYB134 KNOCK-0UL TINES. ...c.eiiiiiiiiiiiiiee ettt et 56

Figure 3-9: Expression analysis of MYB genes for hairy root mutants. (A) Relative expression of
MYBI115 in MYB115-KO and MYB134-KO hairy roots. (B) relative expression of MYB134 in
MYB115-KO and MYB134-KO hairy roots. The bars represent means + SE of at least three
individual biological replicates per hairy root line. Asterixis represent statistically significant
difference (P-value < 0.05) between CRISPR knockout hairy root lines and empty vector (EV)
NAITY TOOLS USTNE t-E@ST. . .eeeiiiieiiie et e ettt e eteeeetee et e ettt eetaeeetaeestaeessseeesssaeesseeesseeasseesnsneessseeens 57

Figure 3-10: PA concentrations in different tissues for high light exposed poplar plants. PA
content in roots and leaves of MYB115-KO poplars with confirmed genotypes (A), in four
different tissues of MYB134-KO poplars with confirmed genotypes (B), and in four different
tissues of double-KO poplar (with confirmed genotypes (C) respectively. Three-month old plants
in greenhouse were treated with high light for an additional 20 days and tissues were harvested at
the same time. Phenolics were extracted as described in the Methods. The bars represent means +
SE of three or four individual biological replicates per line. Data were analyzed by one-way
ANOVA followed by Tukey’s HSD post hoc test. Different letters on the bar indicate
statistically significant differences of PA content according to Tukey’s HSD test at 95%
confidence (P-value < 0.05). Colors of bars represent different lines: wild-type plants are shown
in grey, MYB115-KO lines are shown in blue, MYB134-KO lines are shown in green, double-
KO lines are ShOWN i YEILOW. ....ccuviiiiiiiiiiieiiie ettt e e e et eeeaae e eaeeeseneeens 59

Figure 3-11: Concentrations of PA precursors in knock-out and wild-type tissues as determined
using UPLC in high light exposed poplar plants. (A) catechin concentrations in leaf and root
tissues of MYB115-KO, MYB134-KO and double-KO plants with confirmed genotypes, (B)
epicatechin quantification in medium leaf and young root tissues of WT and knockouts with
confirmed genotypes. The bars represent means + SE of at least three biological replicates per
line. Significant differences from wild-types were determined using a one-way ANOVA and are
indicated by asterisks (*, p < 0.05; **, p <0.01; *** p <0.001). Colors of bars represent
different lines, wild-type plants are shown in grey, MYB115-KO lines are shown in blue,
MYB134-KO lines are shown in green, double-KO lines are shown in yellow...........ccccceuenneene. 61

Figure 3-12: Concentrations of key salicinoids in double-KO tissues as determined using UPLC
in high light exposed poplar plants. The bars represent means + SE of at least three biological
replicates per line. Significant differences from wild-types were determined using a one-way
ANOVA and are indicated by asterisks (*, p <0.05; **, p <0.01; *** p <0.001). Colors of bars
represent different lines, wild-type plants are shown in grey, and double-KO lines are shown in
VRILOW . ettt ettt ettt e ettt et e et e e bt e eabe e taeeabeebeeenbeeteeenbeennteenbeenseas 62



viii
Figure 3-13: Expression analysis of MYB115-KO, MYB134-KO and double-KO plants treated
by high-light. Relative expression of key flavonoid genes and MYB genes in MYB115-KO (A),
MYB134-KO (B) and double-KO (C) leaves and roots as quantified by qPCR. After exposing
plants to high light stress for 20 days, tissue was harvested and RNA was extracted and prepared
for qPCR as described in the Methods. Transcript levels were determined using qPCR and were
normalized against housekeeping genes (EF1- and actin) as outlined in the Methods. Error bars
indicate SE, at least three biological replicates per line were analyzed. Data were analyzed by
one-way ANOVA followed by Tukey’s HSD post hoc test. Different letters on the bar indicate
statistically significant differences of PA content according to Tukey’s HSD test at 95%
confidence (P-value < 0.05). Colors of bars represent different lines, wild-type plants are shown
in grey, MYB115-KO lines are shown in blue, MYB134-KO lines are shown in green, double-
KO lines are shown in yellow. blg, below limit quantification. ..........c..cccceevverienenienennenienenn 65

Figure 3-14: Disc diffusion assay to evaluate hyphal growth inhibition. Colonies of 4. sinapina
and A. ostoyae treated by purified PAs discs (A) and catechin discs (B). Each plate contained a
disc with methanol only control. Six different isolates collected from different locations in BC
were tested, including three A. sinapina isolates (XY 17 054, XY17 048, XY18 02 C1) and
three 4. ostoyae isolates (XY 17_006, STEMS 05, XY 18 06 C1). .cceeceeiieiirienieienieeeieene 67

Figure 3-15: Disc diffusion assay to evaluate hyphal growth inhibition of L. bicolor by purified
PAs. (A) PA disc assay, (B) catechin disc assay, (C) inhibition zone measurement. Each plate
contained a disc with 25 ug hygromycin and methanol only control. Red arrows point out the
edge of L. bicolor mycelium. The bars represent means = SE of inhibition zone radius in three
repeated PA disc assay. Data were analyzed by one-way ANOVA followed by Tukey’s HSD
post hoc test. Different letters on the bar indicate statistically significant differences of PA
content according to Tukey’s HSD test at 95% confidence (P-value < 0.05). .....c.cccocevvervennennee. 68

Figure 3-16: In vitro model system for poplar—L. bicolor ectomycorrhizal symbiosis. (A) The in
vitro co-culture system for ectomycorrhizal symbiosis between poplar plantlets and L. bicolor
(B) non-inoculated poplar roots, (C) uninfected inoculated poplar roots, (D) infected inoculated
poplar roots with ectomycorrhizal formation. Red arrows point out the ectomycorrhizal root tips.
....................................................................................................................................................... 70

Figure 3-17: Ratio of colonized root tips to total root tips in poplar transgenic lines and wild-
types. After inoculation with Laccaria bicolor for three weeks, the root tips of each plantlet were
visually identified as colonized (mycorrhizal) or non-mycorrhizal. Different letters on the box
represent statistically significant differences (P-value < 0.05) between the mean ratio of
colonized to total root tips among all lines as determined by one-way ANOVA and followed by
post-hoc Tukey’s test. The number of biological replicates for each line are displayed as closed
POINES (14 FOT ACK). ...ttt ettt et e st eeabe e st e enseeneeas 71

Figure 4-1: A tentative model for PA regulatory network for leaf and root.............ccceeeeveeenenne 78



X
List of Tables

Table 1-1: The localization of PAs or precursors in roots of different species and the
corresponding staining MELhOMS. ........ccccuiiiiiiiiiieiieeie et eaee e e 16

Table 3-1: Yield of GFP-positive hairy root lines and total transformants from 4 separate
transformation DAtCRES. ........ccuiiiiiiiiiiie ettt e 45

Table 3-2: Yield of rooted plantlets and total calli grown on antibiotic containing medium from 4
separate transformation DatChies. ...........ccuiiiiiiiiiiiiie e 45

Table 3-3: Prevalent mutation types of MYB115-KO and MYB134-KO hairy root transformants.
....................................................................................................................................................... 48

Table 3-4: Prevalent mutation types of MYB115-KO and MYB134-KO whole plant mutants. . 49

Table 3-5: Prevalent mutation types of double-KO whole plant mutants. ...........cccceveeveeriennenee. 50
Table 3-6: Numbers of edited hairy roots and types of mutations in MYB115 and MYB134

KNOCKOULS. ..ttt ettt sttt s b et et sbe e bt et e saeenee 51
Table 3-7: Editing frequency of sgRNAT and sgRNA?2 in edited MYB115-KO hairy roots....... 51
Table 3-8: Editing frequency of sgRNA3 and sgRNA4 in edited MYB134-KO hairy roots....... 51

Table 3-9: Numbers of edited whole plants and types of mutations in MYB115 and MYb134
KNOCKOULS. ...ttt b et st b et s b et et sbe e bt et esaeenee 52

Table 3-10: Editing frequency of sgRNA1 and sgRNA2 in edited MYB115-KO whole plants.. 53
Table 3-11: Editing frequency of sgRNA3 and sgRNA4 in edited MYB134-KO whole plants.. 53

Table 3-12: Numbers of edited plants and type of mutations in hairy root (HR) and whole plant
(WP) double KO TINES.....ccuviiiiiiieiiie ettt ettt ettt e et e et eeetbeeeareeetaeeensaeesaaeesaseeesnseeenns 54

Table 3-13: Editing frequency of sgRNA1 in MYB115 gene and sgRNA3 in MYB134 gene for
edited dOUbIE-KO TINES. ....cceeviiiiiiiiiiieeee ettt 54



AM
ANR
ANS
BAN
bHLH
CHI
CHS
CRISPR
CTs
DFR
DW
eGFP
ECM
F3H
F3’H
F3°5’H
HTs
LAR
MATE
MYB
PAs
ROS
RT-gPCR
UPLC-MS

List of Abbreviations

Arbuscular mycorrhizal fungi

Anthocyanidin reductase

Anthocyanidin synthase

BANYULS protein

Basic helix—loop-helix proteins

Chalcone isomerase

Chalcone synthase

Clustered regularly interspaced short palindromic repeats
Condensed tannins

Dihydroflavonol reductase

Dry weight

Enhanced green fluorescent protein

Ectomycorrhizal fungi

Flavanone 3-hydroxylase

Flavonoid 3’-hydroxylase

Flavonoid 3, 5’-hydroxylase

Hydrolysable tannins

Leucoanthocyanidin reductase

Multi-drug and toxic compound extrusion protein
Myeloblastosis transcription factors

Proanthocyanidins

Reactive oxygen species

Real-time reverse transcription polymerase chain reaction
Ultra High-performance liquid chromatography-Mass Spectrometry



Acknowledgments

This work was funded by NSERC as well as graduate scholarships from the Biology

Department and Centre for Forestry Biology at the University of Victoria.

I would like to first thank my supervisor Dr. C. Peter Constabel for his support, guidance,
and encouragement in all aspects. [ am grateful for all your feedback throughout my project, and
I have learned and gained so much over the last three years, such as plant biochemical
knowledge, experimental skills, and TA experience. Thank you for being very patient as English
is my second language, and with your patience and help on speaking and writing I improved a lot
over the years. I would like to thank my committee members, Dr. Barbara Hawkins and Dr. Paul
de la Bastide, for their suggestions, direction and encouragement during each meeting throughout
this MSc project. I express my deepest gratitude to David Ma for his patience in teaching and
training me on the molecular biology skills and for giving me insightful suggestions and helping
on trouble shootings throughout my research. I am grateful to Eerik Piirtola for his patience and
assistance in training me on how to use the UPLC system. I am grateful to Brad Binges for his
teaching on how to transplant poplars and his assistance throughout my project with the
greenhouse, my poplars, and the growth chamber. A special thanks to undergraduate student
Simon Petley for assisting me with my poplars in the greenhouse and participating in
mycorrhizal project. A warm thanks to Samantha Robbins for her patience in answering my
questions on mycorrhiza. To Dr. Judith Felten lab from the Umea University, I am grateful to
have had the chance to discuss my work with your lab and thank you for your suggestions for my
project. Further thanks go to all the Constabel lab members and other graduate students in
Forestry Biology. Thank you for your encouragement and support throughout these three years. |
also acknowledge all the students, faculty, and staff in Biology department for their generous
support and kindness during my master. Lastly, I express my thanks to my boy friend, Xiuwen,
who accompanied me and helped me both academically and personally. Also, many thanks to my
parents for their support on my abroad study and my friends here for making my time at UVic

unforgettable.



Chapter 1: Literature Review
Introduction: Objective and Scope of the Review

Proanthocyanidins (PAs), also known as condensed tannins (CTs), are one of the most
common secondary metabolites and are widely distributed in trees and woody plants. The
biological functions of PAs in leaves and shoots include anti-herbivore and anti-pathogen effects
as well as antioxidant functions. PAs have been observed in the roots of many tree species.
However, little research attention has been given to the potential physiological and ecological
roles of PAs in roots. These could include chelation of ions and nutrients or defence against soil
pests and pathogens. Since PAs have been shown to play a role in defense against fungal and
bacterial pathogens in leaves and stems, PAs may also function as anti-fungal compounds in
roots. This review will outline the properties, distribution, regulation, and potential functions of
PAs, with emphasis on their localization and potential functions in roots. My major focus is on

the flavonoid-derived PAs.

1. Background on Tannins
1.1 Introduction to PAs and other tannins

Basic structures of tannins

Tannins are functionally defined as polyphenols that have the ability to precipitate
proteins in solution. Tannins are derived from different biosynthetic pathways and are thus
classified into two major groups: hydrolysable tannins (HTs) and condensed tannins (CTs, also
known as proanthocyanidins, PAs). Hydrolysable tannins contain a central glucose, which is
esterified with gallic acid and gallic acid derived moieties (Jourdes et al., 2013). PAs are
oligomers or polymers built up by polymerization of flavan-3-ols, for example catechin,
epicatechin, epigallocatechin, and fisetinidol (Hagerman and Butler, 1991). PAs from different
species vary in the degree of polymerization, which can range from two to over 20, and can vary
significantly even within the same genus (Scioneaux et al., 2011).

PA polymers from different species may differ due to the composition of the constituent
monomers which vary in stereochemistry and hydroxylation pattern (Scioneaux et al., 2011).
Based on the A ring type (Figure 1-1), PAs are divided into phloroglucinol and resorcinol

categories (Aron and Kennedy, 2008). Procyanidins and prodelphinidins represent the most
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common phloroglucinol type PAs found in nature, with different hydroxylation patterns on the B
ring. Differences in inter-flavan linkages also contribute to the diversity of PA structures (Porter,
1992). Linkage between successive monomeric units in proanthocyanidins is usually between the
C4 of the “upper’ extension unit and the C8 or C6 of the “lower” or ““starter’” unit. The B-type
proanthocyanidins are oligomers or polymers of flavan-3-ols linked via C43 —C8/C6 bonds (Xie
and Dixon, 2005). For example, procyanidins and the prodelphinidins are linear chains of flavan-
3-ols linked via C4-C8 bonds. In A-type proanthocyanidins, a second ether linkage between an
A-ring hydroxyl group of the lower unit and C-2 of the upper unit is present, namely one C—C
and one C-O bond (C4—-C8 and 23 — O — 7) (Xie and Dixon, 2005). The proportion of cis vs.
trans monomers, namely the ratio of epicatechin to catechin can also determine the structures of
PA polymers (Barbehenn and Constabel, 2011). Additionally, other phenolics may substitute
groups of PAs, for example, gallic acid may be conjugated to oligomeric PAs to form 3-O-
galloylated tannin (Li et al., 2010). Therefore, the diversity of PA structures depends on
composition and proportion of the constituent monomers, subunit linkages, substitution by other
phenolic groups, and degree of polymerization.

Hydrolysable tannins are synthesized from the shikimate-derived gallic acid (3,4,5-
trihydroxybenzoic acid) and comprise two subclasses: galloyl glucoses and ellagitannins. Galloyl
glucoses are derived from the esterification of sugar-type polyols with multiple galloyl units.
Gallotannins are high-molecular-weight galloyl glucoses and figure importantly in protein
precipitation, enzyme inhibition and metal chelation through forming various complexes in vitro
(e.g., pentagalloyl glucose) (Okuda and Ito, 2011). Ellagitannins are synthesized by plants from
galloyl glucoses by the oxidative coupling of adjacent galloyl groups, for example
hexahydroxydiphenoyl (HDDP) unit, which is the structural characteristic that defines
hydrolysable tannins as ellagitannins (Moilanen and Salminen, 2008). Examples of ellagitannins

include peduncalagin and vescalagin (Okuda et al., 2009).

Chemical properties of tannins

Tannins exhibit a diverse range of in vitro biochemical properties. Tannins bind proteins
at neutral or acidic to mildly basic pH principally by forming hydrogen bonds at their phenolic
hydroxyls (Barbehenn and Constabel, 2011). Hydrophobic interactions between aromatic rings

of tannins and proteins can also contribute to the formation of complexes, but are considered far



weaker than hydrogen bonding (Barbehenn and Constabel, 2011). Protein-binding efficacy is
affected by multiple factors, including tannin structure, molecular weight and concentration, as
well as protein amino acid composition or structure.

Tannins can also act as strong in vitro antioxidants due to their ability to scavenge free
radicals or to reduce other oxidized compounds and form relatively stable semiquinone radicals.
These effects are based on the capacity of the phenol functional group, such as PAs and
flavonoids, to donate a hydrogen atom or a single electron to a free radical (Seyoum et al., 2006;
Quideau et al., 2011). There are two physicochemical parameters that determine the potential
efficacy of antioxidant action: the dissociation energy and the ionization potential of the phenol
(Quideau et al., 2011), which can be affected by the number and position of additional hydroxyls
and aromatic rings (Burda and Oleszek, 2001; Furuno et al., 2002). For example, the typical
catecholic B-ring (phenolic units bearing adjacent hydroxy groups) of most PAs is the key factor
determining their antioxidant capacity (Quideau et al., 2011). Furthermore, the number of galloyl
subunits in PAs as well as the degree of polymerization and molecular weight may also affect
their antioxidant property (Hagerman et al., 1998). This is because catecholic and pyrogallolic
moieties can act as privileged radical-scavenging sites.

Another property of tannins in vitro is their ability to chelate metal ions, such as AI**,
Fe?*, Zn** and Cu?*. Tannins, like most plant polyphenols, contain two or more adjacent
hydroxyl groups on aromatic rings, which enable tannins to chelate metal ions (Quideau et al.,
2011). Zeng et al. (2019) found PAs in apple fruits interacted with metal ions mainly via catechol
group-ion exchange, including Fe**, Cu?" and Zn?**. Another study also revealed that tannin
fractions obtained from three edible nuts were able to chelate Fe?*, Cu?>" and Zn** (Karamag,
2009). A study by Chin et al. (2009) showed that immobilized tannic acid prepared from lateral
roots of Symphytum officinale L., can chelate lead (Pb?"). The hydrolysable tannins also exhibit
the ability to chelate Fe ions and the additional galloyl group can enhance this ability (Moilanen
et al., 2016). Complexation of heavy metals may play a role in many biological and ecological
processes, for example, improve cationic nutrient cycling through plant-litter-soil interactions
(Quideau et al., 2011). Additionally, binding of PAs to aluminum can reduce AI** toxicity in soils
(Osawa et al., 2011). The flavan-3-ol catechin as well as flavones have been shown to act as
antioxidants by chelating iron and copper ions that are involved in ROS formation (Mira et al.,

2002). The Fe** ions binding ability of tannins may be important for their antimicrobial



properties as well (Scalbert, 1991).

1.2 PA biosynthesis

Biosynthesis of PAs

PAs (and anthocyanins) are major end products of the flavonoid pathway, downstream of
the phenylpropanoid pathway (Dixon et al., 2005). The flavonoid biosynthetic pathway has been
well characterized through biochemical and genetic analyses and the major enzymes and the
corresponding genes in this pathway have been identified in many species, following early work
in Arabidopsis thaliana (Xie et al., 2003). The general flavonoid biosynthesis pathways are
displayed in Figure 1-1. The first committed step of the flavonoid pathway is the synthesis of
chalcone by chalcone synthase (CHS), which is converted to flavanone by chalcone isomerase
(CHI). Flavanones are then converted into dihydroflavonols, with different numbers of hydroxyl
groups on the B ring catalyzed by three different flavanoid-hydroxylases. The dihydroflavonols
are substrates for the NADPH-dependent reductase, dihydroflavonol reductase (DFR), which
produces the leucoanthocyanidins (flavan-3,4-diols). Leucoanthocyanidins are converted into the
colored, achiral anthocyanidins, pelargonidin, cyanidin and delphinidin through the action of
anthocyanidin synthase (ANS) (Tanner et al., 2003). Anthocyanidin reductase (ANR) provides a
biosynthetic route from anthocyanidin to the major mono-unit of PAs, 2,3-cis-epicatechin.
Another key PA-specific enzyme is leucoanthocyanidin reductase (LAR), which can directly
convert 2,3-trans-leucocyanidin to 2,3-trans-catechin. ANR and LAR together can provide cis-
and trans-flavan-3-ol precursors needed for PA biosynthesis, and their relative activities can
determine the types of PA in different species.

The mechanism of PAs oligomerization and polymerization from flavan-3-ol initiation
units remains poorly understood, and both enzymatic and non-enzymatic mechanisms have been
proposed. Early work by Haslam (1977) proposed the hypothesis that acid cleavage of a
procyanidin dimer could generate an active intermediate (flav-3-en-3-ol) that could then couple
with a starter unit, epicatechin, to form higher oligomers. Models for PA transport and
polymerization, based on the phenotypes of ## mutants, were described in Zhao ef al. (2010) and
Dixon and Sarnala (2020). In species that lack the LAR gene, such as Arabidopsis, ANR

produces epicatechin-only PAs, meanwhile ANR can transfer potential substrate flav-2-en-3,4-
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diols into 2,3-cis-leucocyanidin, which may act as an epicatechin extension unit. In species such
as Medicago that possess the LAR genes, LAR has the ability to determine PA chain length by
converting 4 = 8 linked extension unit, Cys-EC [4B-(S-cysteinyl)-epicatechin], back to the
starter unit epicatechin. This function of LAR was confirmed by the mutation of this gene in M.
truncatula, which leads to accumulation of Cys-EC and increased levels of insoluble PAs (Liu et
al.,2016). Another study by Yu et al. (2019) also found this dual-function of LAR in grapevine,
where LAR can cleave the potential tannin extension unit precursors Cys-C [4p-(S-cysteinyl)-
catechin] to generate catechin. This suggests that LAR can generate both catechin and
epicatechin and may be involved in determining the degree of PA polymerization by regulating
the relative proportions of starter and extension units. However, how PAs are polymerized is not

yet clear.
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Figure 1-1: General flavonoid pathway leading to the biosynthesis of PAs (from James et
al., 2017). Black arrows indicate the demonstrated metabolic routes to PAs in poplar leaves.



1.3 Ecological and physiological functions of tannins

1.3.1 Tannins as defensive phytochemicals
Anti-digestive properties of tannins in vertebrates against herbivores

The protein digestion-reducing activity of tannins (reviewed in Constabel et al., 2014),
arising from their ability to bind enzymes and dietary protein in herbivores’ digestive tracts, has
been extensively studied. Tannins are proposed to inhibit the breakdown of plant material and
thus reduce the assimilation of nitrogen, which may cause nutrient limitation and negative
consequences for herbivore growth and fitness. At high pH such as found in lepidopteran guts,
however, the phenolic groups are oxidized and thus unable to precipitate proteins. By contrast, in
acidic environments such as vertebrate herbivore digestive tracts, tannin-protein binding occurs
(Stevens and Hume, 2004). Tannins in forages can bind dietary protein and inhibit digestive
enzymes, and therefore decrease protein utilization as well as reduce reproductive success of
mammals (Wallis et al., 2012). Many vertebrate herbivores are known to select food plants based
on levels of tannins and co-occurring nutrients (Perkovich and Ward, 2020), and PAs have been
proven to be an effective feeding deterrent for mammal species including sheep, cattle and pigs
(Hervas et al., 2003; Mueller-Harvey, 2006). Interestingly, some browsing animal species have
evolved adaption to a high PA diet by producing proline-rich salivary proteins. These proteins
have a strong affinity for tannins, and thus reduce the amounts of free tannins in the digestive
tract, acting as defense against dietary tannins (Mueller-Harvey, 2006). Foley and coworkers
(2003) provided evidence for an antiherbivore role of tannins by studying eucalypt-feeding
mammals. They found ringtail and brushtail possums had differential susceptibility to co-
occurring secondary metabolites, where brushtails avoided tannins while ringtails showed highly
tolerance of foliar tannins (Marsh et al., 2003). In another study, tannins reduced the digestibility
of nitrogen in vitro and strongly influenced the reproductive success of brushtail possum

(DeGabriel et al., 2009).

Feeding deterrent and anti-digestive effects of tannins against insects

Karowe (1989) found that tannic acid decreases the efficiency of conversion of digested
food, reduces growth, and increases mortality in Malacosoma disstria (forest tent caterpillar), but
does not reduce digestibility. By contrast, adding PAs or HTs to the diet does not reduce protein
utilization by Lymantria dispar (gypsy moth caterpillar) (Barbehenn et al., 2009). These



observations suggest that tannins may act as both toxin and feeding deterrent. The protein-
binding and astringent properties of PAs also impart less palatability to high PA foliage
(Barbehenn and Constabel, 2011). In cowpea seed, high tannin content correlates with resistance
to bruchid beetles during storage, suggesting PAs role as biochemical defence (Lattanzio et al.,
2005). In a different system, choice tests indicated that PAs in poplar may not act as an effective
feeding deterrent to tree-feeding generalists. In feeding trials, two lepidopteran species,
Lymantria dispar (gypsy moth caterpillar) and Malacosoma disstria (forest tent caterpillar)
consistently showed a strong preference for high-PA transgenic poplars leaf disks and larvae
growth on the transgenics was enhanced compared to that of wild-type control (Boeckler et al.,
2014). However, these feeding choices were not entirely due to the preference for PAs, but may
also be associated with the shifts in the balance of other phenolics in high PA transgenic lines
(Boeckler et al., 2014). A recent study also revealed that nutritional context, specifically the
protein: carbohydrate ratio of the diet, may affect the tannin deterrent effect on insects, since
there may be a trade-off between development time and efficiency of food assimilation

(Perkovich and Ward, 2020).

Toxic and prooxidant effects of tannins

The effects of tannins on herbivores are complicated by their toxic and prooxidant
properties. At high pH, the phenolic groups of tannins are oxidized and thus tannins are unlikely
to precipitate dietary protein as a defense against leaf-eating caterpillars with extremely alkaline
guts. Foliar tannin composition may affect the level of phenolic oxidation in the midguts of
caterpillars (Barbehenn et al., 2008), and tannins can become harmful prooxidants at pH>9 in
herbivore digestive tracts which can lead to toxic oxidative damage. This was observed in non-
adapted grasshoppers and lepidopterans feeding on leaves coated in tannic acid, where fatal
lesions were produced in their midguts (Barbehenn and Constabel, 2011; Bernays et al., 1980).
Instead of a direct toxic effect of tannins on the midgut epithelium, midgut lesions may also be
caused indirectly by oxidative stress via oxidation of tannins. Tannin prooxidant activity and
toxicity can thus cause detrimental post-ingestion effects on insects, as tannin oxidation in the
gut lumen can generate high levels of reactive oxygen species (ROS) and damage cellular
components. It is important to note that the type and structure of the tannin affects prooxidant

activity. Barbehenn ef al. (2006) found that hydrolyzable tannins (i.e., ellagitannins and galloyl



glycosides) are much more prone to oxidize than are condensed tannins at the high pH of the
caterpillar midgut lumen (e.g., pH 10). Additionally, higher oxidative stress and lower protein
utilization efficiency was observed in the midgut fluids of two caterpillar species fed on sugar
maple compared with on red oak, mainly because of the higher levels of hydrolysable tannins in
maple (Barbehenn et al., 2005). By contrast, many studies failed to demonstrate an effect of
ingested tannins on protein utilization and caterpillar growth in herbivorous insects. For example,
increasing tannins in hybrid poplar could not significantly improve the resistance against L.

dispar (Barbehenn et al., 2009).

1.3.2 Antimicrobial and anti-pathogen roles and mechanisms

Tannins can also exert antimicrobial effects due to their ability to bind proteins and other
macromolecules, including extracellular enzymes, secreted substrates and heavy metals. PAs
may also inhibit fungal colonization by crosslinking and inactivating secreted enzymes and cell
wall proteins (Scalbert, 1991). Activities of enzymes, including cellulases, pectinases and
peroxidases, are all known to be negatively affected by tannins (Scalbert, 1991). This may
explain the reduced breakdown of cellulose, pectins, or hemicelluloses in the presence of tannins
that has been observed in many studies (Constabel et al., 2014).

Tannins can inhibit a wide array of microbes and filamentous fungi in vitro, including
human pathogens, plant pathogens, food-spoiling saprophytes, and rumen symbionts (Mila et al.,
1996; Puupponen-Pimii et al., 2005; Engels et al., 2009; Anderson et al., 2012; Yoshihara et al.,
2013; Ullah et al., 2017). For example, PAs may inhibit gastrointestinal bacteria via binding to
membrane or cell-wall components, which could underlie their benefit in human health (Smith et
al., 2005). Inhibition of microbes is also important in livestock health, where tannins protect
ruminants from antinutritional effects via multiple mechanisms (McSweeney et al., 2001). In
some cases, higher-molecular-weight tannins exhibited greater inhibition of microbes, as larger
molecular weight tannins are better protein precipitants than smaller tannins (Quideau et al.,
2011). However, other experiments also showed smaller phenolics without protein-precipitation
activity were as effective as larger polymers, suggesting that not only protein-binding but other
strategies are involved in antimicrobial mechanisms (Scalbert, 1991). In addition, metal-binding
activity of tannins may contribute to their interaction with microbes (Scalbert, 1991). For

example, the bacterial pathogen Erwinia chrysanthemi was inhibited significantly by tannins in
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vitro as a result of iron chelation, which is supported by the observation that strains deficient in
iron transport were more sensitive to the tannin (Mila et al., 1996). In addition, a recent study by
McGivern et al. (2021) revealed that some soil microbiota can degrade polyphenols including
PAs under anoxia. In summary, antimicrobial effects of tannins could involve multiple potential
mechanisms in different organisms.

The in vitro chemical properties of tannins described above may give rise to in vivo
biological effects of tannins in plants, in particular anti-pathogen functions. As metal ions may be
essential for fungal growth, chelating metals may provide root PAs with anti-pathogen
properties. The hypothesis that PAs are potential antifungal compounds for plant defense is
supported by several studies, which demonstrate a stimulation of PA synthesis by pathogen
attack (Miranda et al., 2007). This was also observed in Populus tomentosa Carr. leaves
following infection by the fungal pathogen Marssonina brunnea (Yuan et al., 2012). The
overexpression of a PA biosynthetic gene led to improved resistance against this pathogen in
vitro. Similar results were also observed in black poplar (Populus nigra), where catechin and PAs
accumulated in leaves after rust fungus Melampsora. larici-populina infection (Ullah et al.,
2017). As expected, poplar genotypes with higher levels of PAs showed reduced rust
susceptibility, while poplar with down-regulated PA biosynthesis had increased rust
susceptibility. Ullah et al. (2019) also found that another fungal pathogen (Plectosphaerella
populi) induced flavan-3-ol accumulation in P. nigra stems after infection. A recent study
reported that the overexpression of two transcription factors enhanced the pathogen resistance
against Botrytis cinerea and Dothiorella gregaria infection in Populus alba leaves by promoting
accumulation of flavonoids, including not only anthocyanins and PAs, but also the flavonols
quercetin and kaempferol (Bai et al., 2020). Plant endophytic fungi appear to be affected by PAs
as well, as a negative relationship between PAs concentration and success of fungal endophyte
infection was recorded in twig bark of Fremont cottonwood (Bailey et al., 2005). These studies

all indicate that PAs have the potential to influence plant-associated fungi.

1.3.3 In planta protective effects of PAs against oxidative stress

The antioxidant capacity of PAs in vitro is well established, but only recently has their in
vivo role against oxidative stress in woody plant leaves been demonstrated (Gourlay and
Constabel, 2019; Gourlay et al., 2020). Reactive oxygen species (ROS) accumulation is a

common feature under exposure to stressful conditions such as high light, UV-B irradiation,
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drought stress and pathogen infection. As antioxidants, PAs may therefore contribute to plant
tolerance against a range of abiotic stresses. PA accumulation could be an adaptive response to
different oxidative stress conditions as a result of enhanced ROS in plant tissues, especially in
tree leaves with abundant PAs (Gourlay and Constabel, 2019). Some studies have found an
association between oxidative stress and increased foliar PA concentration in trees as indirect
evidence for PAs antioxidant effects in plants. For example, PA accumulation after elevated UV-
B irradiation exposure was reported in birch (B. pendula) and hybrid poplar (Lavola, 1998;
Mellway et al., 2009). Ward and Young (2002) found that the canopy of acacia trees with
exposure to solar irradiation, but not herbivory, produced the highest levels of tannin (Close and
McArthur, 2002). Importantly, Gourlay and Constabel (2019) demonstrated that transgenic
poplar engineered for very high PA content in leaves were more resistant to the oxidative damage
caused by methyl viologen (MV), an oxidative stress-inducing herbicide as well as UV-B
radiation and drought stress, by reducing ROS accumulation in poplar leaves (Gourlay et al.,
2022). In contrast, poplar plants with reduced tannin synthesis in leaves increased susceptibility
to these oxidative stress (Gourlay et al., 2020; Gourlay et al., 2022). These studies provide direct

evidence for PA’s antioxidant function in poplar leaves.

2. Distribution and localization of PAs
2.1 Overview of PA distribution in plant tissues

A number of histochemical methods have been developed to analyze the tissue-specific
accumulation patterns of PAs in fresh plant material. These include 4-
dimethylaminocinnamaldehyde (DMACA), which is a PA-specific stain but does not stain
hydrolyzable tannins (Feucht et al., 1986; Constabel et al., 2014), and vanillin-HCI, which
detects not only PAs but also their immediate precursor molecules monomeric flavan-3-ols and
other phenolics (Li et al., 1996). There are also some other less commonly used staining tests
such as the Hoepfner-Vorsatz (H-V) test, which detects phenolic groups; dimethoxybenzaldehyde
(DMB), which stains PAs red; and ferrous sulfate in formalin (McKenzie and Peterson, 1995a).
These stains have been used for detecting both cell- and tissue-specific PA accumulation.

PAs are typically found at high concentrations in vegetative woody plants, including both

conifers and broad-leaved poplars, where they occur in most vegetative tissues, including bark,
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leaves, and roots (Xie and Dixon, 2005; Hoffmann et al., 2012). PAs are also prevalent in
reproductive organs, especially in seeds and fruits. In herbaceous species, PAs are more restricted
in distribution, for example, in leaves of some legume family plants and seed coat (McMahon et
al., 2000; Lepiniec et al., 2006). Thus, the root accumulation of tannins appears to be primarily
associated with the woody habit.

Tannins are commonly found in leaves of forest trees, such as Populus tremuloides (Osier
and Lindroth, 2006), Quercus petraea (Peng et al., 1991), Betula papyrifera (Laitinen et al.,
2002), Liquidambar formosana (Hatano et al., 1986), Acer saccharum (Inoue and Hagerman,
1988). PA localization was studied in newly emerged and fully expanded leaves by both vanillin-
HCl and DMACA staining in Populus tremuloides (Kao et al., 2002). In newly emerged leaves,
fewer PAs were found in palisade and the lower tier of spongy mesophyll cells, and more PAs
were detected in the abaxial epidermis. A similar pattern was observed in fully expanded leaves,
and a shift of PAs distribution from the abaxial epidermis to the subepidermal layer of spongy
mesophyll. The shift between epidermal and hypodermal cells was also observed in developing
stems, where PAs were found in epidermis, hypodermis, phloem idioblasts, and developing ray
parenchyma (Kao et al., 2002). By contrast in herbaceous plant vegetative tissues, tannins are
generally absent, although they may be found in leaves of some legume species. In leaves of
forage legumes Onobrychis viciifolia, flavan-3-ols were detected in subepidermal cells of both
abaxial and adaxial surfaces, but tannin accumulation was also observed in these cells (Lees et
al., 1993). Lees et al. (1995a) also observed a shift of PAs distribution in sainfoin (O. viciifolia)
seedlings from the abaxial to the adaxial side as the leaflets unfold and mature, and PAs continue
to increase in specialized cells called idioblasts in the epidermis. The epidermal localization of
PA accumulation is suggestive of a protective function against pathogens or a function in
protection against UV stress and associated ROS activity (Close and McArthur, 2002).

Seeds and fruits are rich in PAs and their distribution have been investigated in these
structures as well. For example, in Arabidopsis seed coats, PAs undergo oxidative
polymerization and form brown pigments, before being deposited on to the cell walls, where the
deposition was limited to the endothelium layer, which is the innermost layer of the seed coat
(testa) (Debeaujon et al., 2001; Pourcel et al., 2005). These studies have demonstrated the
importance of tannins in seed coat physiology. In blueberry, PAs are detected throughout the

entire fruit early in development, including ovary tissues, the developing seed coat, and the fruit
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flesh (mesocarp). As the fruit develops, the PA staining becomes minimal in the mesocarp but

remained concentrated in the seed coats, placentae, and the exocarp. At fruit maturity, both PAs
and anthocyanins were detected at high levels in the epidermis (Zifkin et al., 2012). Likewise,
apple PAs deposit in the seed coat and in the hypodermis, but not the cortex (Lees et al., 1995b).
In Tunisian Dates (Phoenix dactylifera L.), PAs were localized to both edible tissues called
pericarp and hard tissues called stone (Hammouda et al., 2014). This study showed that tannins
are not only located in the epidermis of dates but also more deeply in the mesocarp. Stone
tannins are found in a specific cell layer near the sclereid cells of the seed coat of Phoenix
dactylifera L. (Hammouda et al., 2014). In Silybum marianum (L.) Gaertn, accumulation of PAs
was observed in the pericarp subepidermal cell layer of fully-ripened fruits (Giuliani et al.,
2018). In mangosteen fruit, the PAs are also found in the pericarp (Fu et al., 2007; Zhou et al.,
2011). A recent study by Brahem et al. (2020) characterized procyanidin localization at ripe and
overripe stages in perry pear flesh, where tannins were found in parenchyma cells of the
mesocarp. These studies indicated the diverse localization of PAs in the seed coat and mesocarp
of fruits. This localization at the outer layer of seeds and fruits may suggest their defensive

functions against pests, pathogens or frugivores.

2.2 PA distribution and localization in roots

Compared to the large number of studies focused on tannins in leaves and other above-
ground organs of plants, the literature on root tannins is very limited. However, it has not
previously been summarized and thus this review emphasizes PA distribution in roots. The
distribution of PAs in roots has been studied in only a handful of species, mostly in woody
plants. Root tannin distribution varies with plant species, for example, root cap localization in
Populus (Kao et al., 2002) and Rosaceae (Hoffmann et al., 2012), older brown root localization
in Pinus and Eucalyptus (McKenzie and Peterson, 1995a), or complete absence of root PAs
(despite being present in stem and leaf tissues) in herbaceous plant such as Onobrychis viciifolia
(sainfoin) (Lees et al., 1993).

Based on previous anatomical research with jack pine (Pinus banksiana) and Eucalyptus
pilularis, typical woody roots are defined by three anatomically different zones: the white zone,

condensed tannin (PA) zone, and cork zone (McKenzie and Peterson, 1995a, b). The white zone
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roots contain living cortex, non-suberized endodermis and a central stele containing xylem. The
brown zone is characterized by a dying cortex, occurring >2 ¢m from root tip and prior to the
cork zone. The cork zone is oldest part of the root and terminates at the root-stem interface. It
contains secondary xylem and phloem and a ring of mature cork cells (Peterson et al., 1999). The
white zone and brown zones lack secondary growth, whereas the cork zone undergoes secondary
growth.

McKenzie and Peterson (1995a) found that PAs were primarily present in visibly brown
zones, using four tests: vanillin-HCI, ferrous sulphate, DMB and H-V (Table 1-1). Staining
intensity in the brown zone increased with distance from root tip. By contrast, the white zone
only stained very faintly for PAs. The brown pigmentation in the brown zone was attributed to
PAs that were visualized in the younger region of brown zone, and to the deposition and
oxidation of PAs into cortical cells walls as these undergo cell death (McKenzie and Peterson,
1995a). Brown pigmentation in the brown zone was not correlated with lignin or suberin, which
were also histochemically visualized (McKenzie and Peterson, 1995a). In the cork zone,
however, the brown colour observed was attributed in part to PAs but also to lignin and suberin
deposition in the form of Casparian bands (McKenzie and Peterson, 1995b). However, in other
species the distribution of PAs in roots can be quite different.

In woody plants, PAs are detected in different zones or cell layers summarized in Table 1-
1. In roots of Pinaceae Pseudotsuga menziesii, PAs were detected in thickened cell walls of inner
cortical tissue as seen by DMACA staining (Weiss et al., 1999). In Rosaceae Malus x domestica,
PA-specific histochemical staining detected PA deposits in the white zone; specifically in the root
cap as well as cortical and epidermal cells of the distal root tip (Hoffmann et al., 2012). In
Fagaceae trees, including Quercus, Castanopsis and Lithocarpus, PAs were found mainly in the
root cap, the epidermal layer and the endodermis (Tam and Griffiths, 1993). In the camphor tree
(Cinnamomum camphora), PAs were observed by DMACA staining mostly in the outer
epidermal cells of the root tip (Osawa et al., 2011; see Section 3.1). In grapevine (Vitis vinifera),
uneven localization of PAs in hairy root tissues was observed. PAs were detected and quite
abundant in the youngest part of the hairy roots, namely the cell division zone below the apex
(Terrier et al., 2009). The epidermis, endoderm, and vascular bundles were found to be the
richest area accumulating high level of PAs in the division zone of the root tip. Almost no

DMACA staining could be observed in the cortical parenchyma cells of hairy roots (Terrier et al.,
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2009). In the non-woody plant Fragaria x ananassa, PAs were detected in white zone as well as
in cortical and epidermal cells of the root tip (Hoffmann et al., 2012).

In Populus tremula x alba, PA localization and PA concentrations and the relationship
between PA distribution and root pigmentation was studied using histochemical staining
(DMACA) and quantitative assays (Westley, 2015). PA was found to accumulate in the white
zones, thus its concentrations was not correlated with brown pigmentation as in previous studies.
Additionally, PAs accumulated predominantly in cells bordering the plant-soil interface and
tissues of the young, active white zones. They were also sporadically localized in the cortex
(Westley, 2015). Similar findings were observed in P. tremuloides (Kao et al., 2002), where PAs
localization was determined by DMACA and vanillin-HCI staining, detecting a range of
phenolics. Positive staining was found in the root cap as well as in epidermal cells of the root tip,
and was sporadically present in cortical cells as well as the meristematic and early elongation
zones in root tips (Kao et al., 2002).

The precursors of PAs, catechin, can also be detected in roots of different species. Mace
and Howell (1974) reported the histochemical localization of catechin and gallocatechin in fresh
root sections of Acala cotton (Gossypium hirsutum) seedlings, a herbaceous plant. PA precursors
were heavily concentrated in the root endodermis and hypodermis by DMB staining. Although
catechins were not detected in the main body of the root cap, they were present in a few scattered
epidermal cells in the maturation zone, and also existed in a continuous ring of endodermal cells
in the taproot endodermis. They were also found in randomly scattered parenchyma cells of the
root stele as well as a discontinuous ring of one or two cell layers in hypodermal cells. Catechins,
though not PAs, were present at different levels in different locations in Camellia sinensis (a
woody plant), around the pericycle of the root, but no catechin was observed in the cortex or

xylem vessels (Liu et al., 2009).



Table 1-1: The localization of PAs or precursors in roots of different species and the
corresponding staining methods.

16

species localization Detected | Staining methods | reference
compound

Pinaceae brown zones (>2 cm PAs vanillin-HCI, McKenzie and
(Pinus) & from root tip and prior ferrous sulphate, | Peterson
Myrtaceae to the cork zone) DMB? and H-V® | (1995a,b)
(Eucalyptus)
Pinaceae inner cortical cell PAs DMACA® Weiss et al.
(Pseudotsuga | walls (1999)
menziesii)
Salicaceae root cap, white zone, | PAs DMACA Westley (2015)
(Populus cortex, border cells
tremula x
alba)
Salicaceae root cap, epidermal PAs DMACA and Kao et al.
(Populus cells of root tip, vanillin-HCI (2002)
tremuloides) cortical cells, early staining.

elongation zones in

root tips
Rosaceae white zone: PAs DMACA Hoffmann et al.
(Fragaria x specifically in the root (2012)
ananassa and | cap as well as cortical
Malus x and epidermal cells of
domestica) the distal root tip
Fagaceae root cap, the PAs vanillin-HCI and | Tam and
(Quercus, epidermal layer and DMB Griffiths (1993)
Castanopsis the endodermis
and
Lithocarpus)
Lauraceae outer epidermal cells | PAs DMACA Osawa et al.
(Cinnamomum | of the root tip (2011)
camphora)
Vitaceae (Vitis | cell division zone: PAs DMACA Terrier et al.
vinifera) hairy | epidermis, endoderm, (2009)
root and vascular bundles
Malvaceae root endodermis and catechins | DMB Mace and
(Gossypium hypodermis, Howell (1974)
hirsutum) maturation zone,

endodermis
Theaceae around the pericycle catechins | vanillin-HCI Liu et al.
(Camellia (2009)
sinensis)

? DMB is dimethoxybenzaldehyde.

®H-V test is Hoepfner-Vorsatz test, containing sodium nitrate, acetic acid, urea and NaOH.
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¢ DMACA is 4-dimethylaminocinnamaldehyde.

Although pigmentation has been a key factor in describing the cork zone, the cause of the
brown coloration is not well understood or investigated. It has been potentially correlated with
root dormancy, cortical breakdown, periderm formation and PA deposition (McKenzie and
Peterson, 1995a). Brown pigmentation in mature Arabidopsis seed coats has been attributed to
the oxidation of PAs and other flavonoids (Lepiniec et al., 2006). Many reports use vanillin-HCI
histochemical staining for PA localization. However, this method is limited in its ability to detect
PA specifically, since other flavan derivatives can also be detected (Li et al., 1996). Therefore,
the brown pigmented cells in the root brown zone that stained positively for PAs by vanillin-HCI
may have been due to other flavonoids that are complexed and deposited in cell walls.
Meanwhile, it was shown that flavonoids (including PAs) are not present in the white zone of
Pinus and Eucalyptus (McKenzie and Peterson, 1995a). Therefore, presence of PAs is not always
correlated with brown pigmentation in roots. In addition, the occurrence of PAs is very clear in
root tips, which are typically white. PA polymers and flavan-3-ols monomers were found in the
meristematic region of root tips in Fragaria x ananassa (Hoffmann et al., 2012). The difference
in PA localization and correlation with pigmentation provides evidence to suggest that PA
containing tissues are not always brown, despite this being a common assumption.

As summarized in Table 1-1, the localization of PAs in roots has been reported in mostly
woody species. In Pinus and Eucalyptus, PAs accumulate in the visibly brown zone at some
distance from the root tip. By contrast, Populus tremula x alba, P. tremuloides and some species
of Rosaceae, localize PAs around the root cap as well as in epidermal cells near the root tip and
the white zone. This is consistent with PA accumulation in the epidermal cells of stems and
leaves in young poplar (Kao et al., 2002). Fagaceae trees also produce PAs in the root cap,
epidermal layer, and the endodermis. Other plants such as cotton and tea contain PA precursors
such as catechins in the root endodermis and pericycle respectively, but not in the root cap. It is
important to note that different staining methods have varying specificities for PAs which may
cause ambiguity in determining the nature of the positively stained compounds. To describe the

general distribution patterns of PAs in roots, many more species still need to be investigated.
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3. The potential functions of tannins in roots

The previously described studies have shown that PAs accumulate predominantly in the
outer cortical cells and epidermal cells in both active white zones and brown zones of roots.
These findings are important when considering the potential roles of poplar root PAs, which
include defense, aluminum resistance via chelation of metal cations, interactions with

mycorrhizal symbionts, and soil nutrient cycling.

3.1 Interactions with herbivores and pathogenic soil organisms

Root-feeding herbivores can reduce plant productivity and increase the chance of fungal
and bacterial infection in roots (Hunter, 2001). Even though the diversity of below-ground
herbivores is lower than that of above-ground herbivores, below-ground chemical defenses
appear to influence above-around tissues (Rasmann and Agrawal, 2008). This was shown by
Kaplan et al. (2008), who found foliar herbivory induced significant increases in secondary
metabolites in Nicotiana tabacum leaves, but not in roots. In contrast, root herbivory by
nematodes elicited a whole plant response, with elevated secondary metabolite production in
both roots and leaves. Anti-herbivore defenses are widely considered roles of PAs due to the
protein binding properties described above. Root anti-herbivore effects of PAs were investigated
using Melolontha larvae, but PAs were found to have no negative effect on growth, development
or feeding selection (Sukovata et al., 2015). This is consistent with a lack of effect on the
survival rates of Costelytra zealandica larvae by PAs (Sutherland et al., 1982).

The localization of PAs in specific cells in the cortex and root epidermis could suggest a
protective function against root pathogens. Aggarwal et al. (2018) found decreased root
colonization by fungal pathogen Fusarium oxysporum and significantly reduced fungal biomass
in high-PA chickpea hairy roots which overexpress Arabidopsis AtTT2 gene, as compared to
wildtypes. So far, there is little evidence for root PAs as anti-pathogen compounds below ground.
Further studies on root-rhizosphere interaction may give evidence to the relationship between

root PAs and fungal resistance.

3.2 Metal chelation and aluminum tolerance

The presence of two or more hydroxyl groups on the phenyl (B) ring of PAs enables
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chelation (Quideau et al., 2011), and this binding potential is greater under acidic conditions
(Waterman and Mole, 1994). Tonic aluminum (Al) is one of the harmful metals that inhibit root
elongation in acidic soils, thus reducing the plant’s capacity for water and nutrient absorption and
thereby reducing aboveground productivity (Kochian et al., 2004). The secretion of organic
anions such as citrate, malate, or oxalate are an Al resistance in annual crops. However, these

root exudates can be rapidly decomposed by soil microbes (Jones et al., 1996). In camphor, there

13+ 13+

is evidence to suggest that PA chelation of Al°" is more effective in detoxifying Al°" rich soils
than the release of organic anions (Osawa et al., 2011).
Osawa et al. (2011) discovered a novel Al resistance mechanism based on root PAs to

minimize the negative effects of AI**

on root growth. This study compared properties at the
surface layer of the root apex in a PA producing species Cinnamomum camphora (camphor tree)
with non-PA producing species Glycine max (soybean) on differing levels of Al in soils. The

camphor tree was highly resistant to high levels of AI**

, resisting 20-fold higher concentration
(500uM) than soybean. Exposure to higher AI** levels only led to slight induction of citrate
release, suggesting that Al resistance in the camphor tree was not dependent on citrate release,
and there must be other mechanisms involved. Interestingly, Osawa et al. (2011) detected PA-
accumulating cells outside the epidermal cells of camphor roots after Al exposure. This revealed
that outer PA-accumulating cells constitutively proliferate under high Al conditions and shield
the inner epidermis cells from Al toxicity. The proliferation is followed by the abrupt collapse
and detachment of Al-PA rich cells. The Al-damaged cell surfaces were then replaced with new
extensive propagation of epidermis cells behind the tip. The constant turnover of PA-
accumulating cells may facilitate the expansion of epidermis cells away from toxic effects of
A" during root elongation in the camphor tree.

The detoxifying role of PAs on other heavy metal ions has also been studied. For
example, there is evidence to suggest that root tannins can bind to Fe** in mangrove roots and
form black ferric pigment, providing mangroves with an effective Fe** tolerance mechanism
(Kimura and Wada, 1989). Blackening of living roots was observed in the mangroves with
increased biomass, compared to those trees lacking blackened roots.

Hydrolysable tannins, for example oenothein B in roots of Eucalyptus camaladulensis,
provides a similar mechanism for Al tolerance (Tahara et al., 2014). Eucalyptus camaladulensis

has the capability to grow in acid sulfate soils with Al concentration reaching mM level and can
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accumulate up to 11 mg Al g™ dry weight in root tissue with no symptoms of toxicity. Oenothein
B localized in the root symplast can chelate a minimum of four Al ions per molecule by the free
hydroxyl groups on the dimer (Tahara et al., 2014). However, the subcellular localization of
oenothein B in root requires further investigation. Oenothein B is not an Al specific binding
agent, but does preferentially bind Al when multiple metals are present (Tahara et al., 2014).

In summary, there is good evidence that both HTs and PAs can reduce toxic effects of

A" in some plants, likely through chelation.

3.3 Possible roles of PAs in modulating mycorrhizal colonization

Mycorrhizas are defined as associations between symbiotic soil fungi and the absorbing
organs of root tissues. They are classified into arbuscular mycorrhizal fungi (AM) which
colonize inside root cell walls, and ectomycorrhizal fungi (ECM) which enclose host roots with a
mantle and form the Hartig net between the epidermal and cortical cells (Smith and Read, 2008).

Several reports have focused on the role of catechins and PAs as regulators of
ectomycorrhizae (ECM) colonization but have shown contradictory results. Weiss et al. (1999)
looked into the tissue-specific distribution of metabolites in mycorrhizae of Abies alba and
Pseudotsuga menziesii. In these two species, the cell walls of the inner cortex showed a netlike
thickening, which stained positively with DMACA. In the apical part of P. menziesii roots,
soluble flavanols were found in the outer cortical cells. By contrast, only a weak accumulation of
flavanols in root hairs and rhizodermis cells was found in non-mycorrhizal roots grown in the
greenhouse. The opposite observations were reported by other studies. For example, Weiss et al.
(1997) performed histochemical studies with larch mycorrhiza (L. decidua, Pinaceae - ECM
Boletinus cavipes) using DMACA and HPLC. Mycorrhization led to rapidly increased
concentrations of catechin and epicatechin in the endodermis and the central part of cortex in
apical root tissue, as well as in the parenchyma tissue enclosing the apical meristem of the root
(Weiss et al., 1997). However, no significant difference in procyanidin levels between
noninoculated control roots and mycorrhizas were observed. By contrast, in beech (Fagus
sylvatica), levels of the soluble phenolics catechin and epicatechin in roots tips are reduced by
mycorrhizal colonization, suggesting that this reduction in catechin and epicatechin may be an
important step for rapid mycorrhization (Beyeler and Heyser, 1997). Similar results have also

been observed following mycorrhiza establishment in Picea abies-Lactarius deterrimus and
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Picea abies-Laccaria amethystea (Munzenberger et al., 1990). Beyler and Heyser (1997)

suggested that higher levels of catechin and epicatechin found in nonmycorrhizal roots may
function as inhibitors of enzymes needed for ectomycorrhizal formation, and the reduction of
their levels in the root tissue leads to the activation of such enzymes. Additionally, procyanidin
contents remain constant in this study, so the reduced levels of corresponding monomers are not
used to enhance procyanidin polymer content of the roots. Schiitzendubel and Polle (2002) found
that the inoculation of Paxillus involutus on Scots pine (Pinus sylvestris) root tips didn’t affect
catechin content compared to non-mycorrhizal root tips. Niemi ef al., (2007) also found that
during the establishment of an ECM symbiosis with Suillus variegatus on Scots pine seedling,
roots contained remarkably more catechins and PAs at the beginning of the experiment than
shoots and showed a tendency to decrease towards the end of the experiment. However, in
contrast to shoots, no significant difference of catechins and PAs between non-inoculated and
inoculated seedlings was observed in roots. Despite the positive relation between PAs or
catechins and mycorrhiza colonization found in study by Weiss et al. (1999), there is no direct
evidence that catechin or PAs may serve as a defense against fungus infection.

The effect of arbuscular mycorrhizal (AM) fungal colonization on PA synthesis in
birdsfoot trefoil (Lotus japonicus L.) was investigated by Solaiman and Senoo (2018). Soluble
and insoluble PAs concentrations in roots were lower in plants inoculated with AM fungi
compared to uninoculated plants, but AM fungus inoculation increased the concentration of
flavonols and soluble tannins in shoots (stems and leaves). A potential explanation is that the
high tannin concentration of non-mycorrhizal roots may have been induced by deficiency of
nutrients in the plant tissue, which is countered by the supply of nutrients from AM mycorrhizal
pathway. AM fungi inoculation can be more efficient in supporting the production of primary and
secondary metabolites compared with the uptake from soil (Solaiman and Senoo, 2018). Overall,

this study lacks direct evidence that PAs impact AM symbiotic systems.

3.4 Possible roles of tannins in root nodule symbioses

Host plants that form root nodule symbioses with nitrogen-fixing bacteria belong to a
single clade of angiosperms called the Nitrogen-fixing Clade (Soltis et al., 1995). Legumes

nodulated by proteobacterial rhizobia are most widely studied in root nodule symbioses and



22

actinorhizal plants such as Parasponia sp. (Cannabaceae) can also develop nodules in symbiosis
with the actinobacterium Frankia (reviewed in Svistoonoff et al., 2014).

So far, all studies on root nodule symbioses focus on isoflavone content and only one
study on tannins has been found. Laplaze et al. (1999) investigated the involvement of
polyphenols in the Casuarina glauca-Frankia symbiosis. Histochemical analyses of C. glauca
nodules revealed that Frankia infected cells were surrounded by tannin containing cell layers
which located below the periderm, in the endodermis, and in the cortex. Flavans (flavan-3-ols,
flavan-4-ols and flavan-3,4-diols) are the major components of the deposits of phenolic
compounds found in uninfected nodule cells, while gallic tannins accumulated specifically at the
boundaries of the infected cortex. Biochemical studies also showed that nodules accumulated the
same compounds as roots but there was a strong increase in flavan content in nodules compared

with uninfected roots, suggesting the potential role of flavans in plant-microbe interactions.

3.5 Effects of tannins on decomposition and nutrient cycling

Shoot exudates and the in vivo biological activities of tannins in shoot exudates has been
studied in very few cases. Eucalyptus can secrete red-coloured wood exudates called kinos
which are tannin-rich and there is a positive correlation between total tannin content and
antibacterial effects (Martius et al., 2012). Exudated root tannins could thus play roles in
facilitating belowground interactions with a diverse community of microorganisms and
improving the breakdown of soil organic matter. However, roots may not secrete PAs as exudates
like the tannin-rich kinos found in wood. And root PAs may not be secreted like other flavonoids
as a result of their size and are more likely to enter the soil from storage of epidermal cells. By
contrast, the PA precursor, catechin, can be exudated by roots and exert different functions in the
root rhizosphere.

Soil tannins, either from root turnover or leaf litter, have the ability to alter soil nutrient
cycling and microbial communities and consequently impact plant nutrient availability
(Schweitzer et al., 2008). The binding capacity of PAs to positively charged ions like Ca**, AI**
and Fe*" leads to the speculation that PAs may bind and store nutrient cations in the root cells.

However, no correlation between NH4*, Cax”™ or NOs™ fluxes and PA concentrations along the

roots of Populus tremula x alba could be detected (Westley, 2015). PAs can also bind to NH>
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groups of organic nitrogen compounds and form large inorganic complexes of low solubility.
These are resistant to decomposition, and therefore reduce nitrogen losses through leaching.
They may also enhance organic nitrogen availability to mycorrhizal plants (Schweitzer et al.,
2008). PA-NHz complexes reduce the conversion of organic nitrogen to inorganic nitrogen forms
(NH4" and NO3") that plants can typically utilize, which suggests that soils with high PAs levels
could have negative impacts on plant growth. In addition, high PA leaf litter produced from
Populus balsamifera (balsam poplar) has the potential to inhibit the ability of Alnus rubra (red
alder) to fix atmospheric Nz in nodules and limit the availability of soil inorganic nitrogen that
alder could use as a substitute for fixed N> (Schimel et al., 1998). PAs produced by poplar leaf
litter may inhibit N»-fixation in alder nodules by altering microbial activity, and root PA may
potentially exert the same function.

Denitrification is a microbially facilitated process where NO3™ is reduced and ultimately
produces N. This is known as an alternative anaerobic respiration route. This process can be
responsible for nitrogen losses from soils and decreased productivity in plants. A recent study by
Bardon et al. (2016) purified PAs from roots and rhizomes of Fallopia spp., and this drastically
inhibited the denitrification and aerobic respiration of two denitrifying bacteria. This indicated
that Fallopia spp. may reduce denitrification through the release of PAs and directly targeting the
respiratory process in these bacteria. By contrast, monomeric flavan-3-ol forms such as catechins
had no effect on denitrification. Furthermore, the effects of Fallopia extracts on bacterial
respiration were found to be correlated with their protein precipitation capacity rather than their
antioxidant properties, again suggesting the involvement of PAs rather than catechin and
epicatechin. It was also supposed that lower polymerized procyanidins (< tetramers) were more
likely to be involved in the biological denitrification inhibition of Fallopia spp. than high
polymerized forms, due to their higher solubility in water, which may help them target the
biological membranes where denitrification occurs (Bardon et al., 2016). Apart from
denitrification, PAs could be toxic to microbes through oxidative damage or by directly binding
to microbial enzymes and inactivating them. It should be noted that some microbes have adapted
to high tannin soils via secretion of tannin-binding polymers and the production of tannin
resistant enzymes (Kraus et al., 2003). A recent study has provided evidence that anoxic soil
microbiota can depolymerize PA polymers and degrade the subsequent monomers, and the

interaction between root PAs and the rhizosphere microbiome suggests root PAs may serve as a
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defense barrier but could be degraded and utilized by microbes (McGivern et al., 2021).

In all, PAs might be involved in plant nutrient availability either through binding to soil
components or by impacting plant-microbe interactions, leading to the speculation that root PAs
could have a physiological role in modulating nutrient uptake. However, whether soil PAs
originate from both root and foliar inputs, or PAs in root tip and epidermal cells is an important

question. The impact and functions of PAs specifically in roots still needs further investigation.

4. Transcriptional regulation of PA synthesis

The PA and flavonoid pathways are regulated transcriptionally, and a host of transcription
factors have been characterized in a number of plants. Most important are the R2ZR3 MYB
factors (Liu et al., 2015). Transcriptional activation of the genes for the PA pathway requires not
only a MYB factor, which determines the specificity of binding sites, but also a basic helix-loop-
helix (bHLH) protein and a WD-repeat (WDR) protein cofactor, which both interact with the
MYB. They form the so-called “MBW” complex and bind to the cis-elements in promoters of PA
biosynthetic pathway genes to activate transcription (Xu et al., 2015).

Many MYB PA activators are expressed in seeds and fruits and have also been found in
vegetative organs such as leaves and roots. There are two major types of MYB PA activators: the
TT2-type and PA1-type. TT2/MYB123 was first characterized in the Arabidopsis seed coat (Nesi
et al., 2001). PtMYB134 is a homologue of Arabidopsis TT2, and is mainly expressed in
Populus leaves and is also found in roots (Mellway et al., 2009). TT2-type MYB factors LjTT2
family has also been discovered in birdsfoot trefoil (Lotus japonicus) (Yoshida et al., 2008). The
three LjTT2s showed distinct transcription patterns in different tissues, including leaves, stems
and roots. Among three LjTT2s, LiTT2b is most related to TT2 expression and its transcripts
appeared to accumulate specifically in roots (Yoshida et al., 2008). VVMYBPA?2, the orthologue
of Arabidopsis TT2, is mainly expressed in the exocarp of young berries and in the leaves of Vitis
vinifera (Terrier et al., 2009). In Trifolium repens PA accumulation is regulated by TT2-type
MYB factors MYB14 in leaf and floral tissues, and leaves in Trifolium arvense (Hancock et al.,
2012). The other type of MYB PA activator, PA1-type, also shows diverse patterns in different
species. In Populus, PIMYB115, which belongs to the PA1 type of PA regulator clade, is mainly
expressed in leaves and roots (James et al., 2017). VVMYBPA1 is involved in the regulation of

the PA pathway during seed development in grapevine (Bogs et al., 2007).
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In addition, there are MY Bs from other clades that are also involved in PA regulation.
VvMYB5b, expressed in both berries and vegetative tissues of grapevine, is a potential regulator
for both PAs and anthocyanins, though its specificity still needs to be confirmed (Deluc et al.,
2008). In Medicago trunculata, MtMYBS5 belongs to the general phenylpropanoid clade. It
mainly contributes to the regulation of seed PAs and is also expressed in flowers and roots, with
less activity in leaves (Liu et al., 2014).

In addition to MYB activators, the involvement of MYB factors with broad repressor
functions in phenylpropanoid metabolism have been uncovered (Ma and Constabel, 2019). Other
transcription factors involved in PAs regulation are also reported. For example, B-box (BBX)
transcription factors (TFs) play crucial roles in the transcriptional regulation of flavonoid
biosynthesis (Bai et al., 2019). Recently, BBX23 was identified as a novel regulator of flavonoid
biosynthesis in poplar, showing a distinct response to high light. Overexpression of BBX23 in
poplar activated expression of MYB TFs, such as MYB115 and MYBI119, as well as structural
genes in both PA and anthocyanins pathways (Li et al., 2021). Furthermore, Li et al. (2022)
characterized a CCCH type transcription factor, PuC3H35, which positively regulates the
expression of genes involved in PA and lignin biosynthesis as a response to drought stress in
Populus ussuriensis root. These recent studies reveal that there are more transcription factors in
addition to MYBs that may play a role in regulating PA and other flavonoids. In particular, our
understanding of the transcriptional regulatory mechanisms for PA biosynthesis in plant roots is
still rudimentary and needs further research.

In previous work we characterized two MYB transcription factors, MYB134 and
MYBI115, that regulate PA synthesis in poplar leaves. PA biosynthesis can be induced by
stresses such as wounding, UV light, and nitrogen deficiency (Osier and Lindroth, 2001; Peters
and Constabel, 2002; Mellway et al., 2009). The TT2-type PA-regulator MYB134 was first
identified in the Constabel Lab (Mellway et al., 2009) and found to be a key stress-inducible
regulator of PAs in leaves and stems of Populus. High PA lines have been engineered by
overexpressing MYB134 (Mellway et al., 2009). When overexpressed, the MYB134 gene causes
the hyperaccumulation of PAs especially in leaves, together with a strong increase in the
abundance of transcripts encoding the major flavonoid and PA enzymes. MYB134 is a specific
regulator of the PA pathway, since it induces synthesis of PAs, but not anthocyanins, flavonols,

and other flavonoids (Mellway et al., 2009; Gesell et al., 2014). High PA lines have also been
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engineered by overexpressing MYB115, which likewise causes enhanced accumulation of PAs
in leaves (James et al., 2017). Similar to MYB134, MYB115 specifically regulates the PA
branch of flavonoid metabolism. Overexpression of MYB115 and MYB134 both lead to reduced
salicinoid phenolic glycosides levels, suggesting a trade-off in allocation to PA or salicinoid
pathways. In addition, both MYB115 and MYB134 appear to activate their own and each other’s
promoters, which could provide potential positive feedback loops in PA induction (James et al.,
2017). All these studies on MYBs provide new insight into the complexity of PA and flavonoid
regulatory network in poplar, but also raise many questions.

In Populus, MYB134 and MYB115 are expressed differentially in leaves and roots, with
MYB134 dominating in leaves (James et al., 2017), while MYB115 is more highly expressed in
roots (James et al., 2017; Wang et al., 2017). The MYB115-overexpressing transgenic Populus
had slightly higher root PAs levels compared to the wild-type, while the MYB134-
overexpressing genotype showed no obvious difference in roots (Westley, 2015). RNAi
knockdown lines have also been engineered recently to eliminate MYB134 and create low PA
poplar lines (Gourlay et al., 2020). However, there was no reduction in root PA concentrations
when MYB134 was suppressed using RNAI, indicating that MYB134 is likely not required for
PA synthesis in roots (Gourlay et al., 2020). An independent study on MYB115 suppression
found only a small reduction in PAs in leaves of P. tomentosa (Wang et al., 2017), suggesting
this regulator is less important in leaves compared to other tissues. The evidence above suggests
that MYB134 is the major PA regulator in leaves. However, in roots MYB115 might be the

major regulator of PA synthesis.

5. Objectives of the research

This research aims to generate MYB115 and MYB134 single CRISPR knockout as well
as double knockout transgenic poplars in order to obtain low PA lines with reduced or eliminated
PA levels. These transgenic CRISPR lines can be used to check the effect of knocking-out
MYBI115 and MYB134 on PA accumulation as well as expression of key flavonoid genes. This
can help investigate the function of both MYBs in the regulation of PAs in poplar roots and
shoots and help interpret the relationship between MYB115 and MYB134. More specifically, my
study used hybrid poplar (two aspen hybrids: P. tremula x alba and P. tremula x tremuloides) as

a model system to investigate the function, especially priority for tissue specificity, of these two
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MYBs in regulating PA biosynthesis in poplar. Poplars accumulate large amounts of PAs in
roots and poplar leaves, and can synthesize lots of PAs by stress induction. I hypothesized that
both MYB134 and MYB115 are key transcription factors for PA biosynthesis in poplar, but that
their interactions and functions in roots may differ from those in shoots. A long term objective is
to explore the biological effects of PAs in roots. The availability of transgenic Populus lines with

low or high PA levels will be also very useful for exploring poplar root — microbe interactions.
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Chapter 2: Methods and Materials

2.1 Plant growth conditions

Populus tremula x P. tremuloides (clone INRA 353-38) wild-type (herein referred to as
'353") and transgenic MYB134- and MYB115-overexpressing plantlets as well as P. tremula x P.
alba (clone INRA 717-1B4) wild-type plantlets (herein referred to as '717') (Mellway et al.,
2009; James et al., 2017) were available in the Constabel lab. All clones were maintained and
micropropagated in vitro on Lloyd and McCown’s Woody Plant Media (WPM; Caisson, North
Logan, Utah, United States) supplemented with 1 uM final concentration indole-3-butyric acid
(IBA).

2.2 Sequencing of MYB115 and MYB134 genes

Approximately 100 mg of fresh frozen leaf tissue from 353 and 717 wild-type tissue
cultures were finely ground in liquid nitrogen using mortar and pestle. DNA was extracted using
DNeasy Plant Kit (Qiagen, Mississauga, ON, Canada). For PCR amplification, 1-2 pl of the
genomic DNA preparation was used as a template with primers flanking the target site for
MYBI115 and MYB134 respectively (Supplemental Table 1.1). The primers were designed
depending on the MYB115 and MYB134 sequences of P. tremula, P. tremuloides and P. alba
from online database Popgenie (https://popgenie.org/) and AspenDB (http://
aspendb.uga.edu/s717). Amplicons were further purified using EZ-10 Spin Column PCR Product
Purification Kit (BioBasic, Markham, Canada) and then Sanger-sequenced (Sequetech, CA,
USA). Resulting sequences of 353 wild-type were aligned with P. tremula and P. tremuloides
sequences from UPSC database (v1.1) in Popgenie, while that of 717 wild-type were aligned
with P. tremula and P. alba sequences from sPta717 Variant Database (v2) in AspenDB, using
ClustalW in BioEdit. Specific information such as single nucleotide polymorphisms (SNPs) were
checked manually. Double peaks and deletions indicated SNPs. In order to separate the two
alleles, PCR products were cloned using pUCM-T Cloning Vector Kit (BioBasic) and moved
into E. coli XL1-Blue. Up to 10 colonies were sequenced to get all potential SNPs in the exon

region and checked against the corresponding sequences in databases.
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2.3 Generation of transgenic poplars with knocked-out MYB115 and MYB134

2.3.1 Guide RNA (gRNA) design and vector construction

Potential target gRNA sequences for MYB115 and MYB134 in the P. tremula % P.
tremuloides hybrid (INRA 353-38) and P. tremula % P. alba hybrid (INRA 717-1B4) were
obtained from AspenDB (http:// aspendb.uga.edu/s717). Target gRNA regions without SNPs
with the lowest off-target potential and near the 5’-end of the coding sequences in exon regions
were selected (Figure 3-3). Potential off-target sites were identified by BLAST searching the
gRNA sequences against the P. tremula x P. alba clone 7171-B4 genome using the Probe Search
function in the sPta 717 Variant Database (http:// aspendb.uga.edu/s717). If the hits were
localized within the coding region of the targeted gene, contained the NGG PAM region, and had
less than three mismatches within the core region of the gRNA, they were considered as potential
off-target sites and were not selected.

CRISPR constructs were created under the help of David Ma. The constructs were
prepared using the vectors previously developed by Jacobs et al. (2015) and obtained from
Addgene (Addgene.org), with minor modifications as described in Fellenberg et al. (2020). Two
types of plasmids were used for transformation. P201H and p201N plasmids with antibiotic
markers were used for whole plant transformation, while p201G containing an eGFP marker was
used for hairy root transformation. P201H and p201N were double digested with Swal and Spel
and p201G with Spel and Apal, before being purified by gel extraction. MtU6 and scaffold DNA
fragments were PCR amplified from the pUC gRNA shuttle vector using the primers
35SSpel MtU6F/MtU6R and ScaffoldF/4pal ScaffoldR for p201G (for p201N or H, I used
Swal MtUG6F and Spel ScaffoldR instead), creating 20 nt overhangs with backbone to enable
DNA assembly (Yoshida et al., 2015). Linearized plasmid of above vectors, purified MtU6,
scaffold and the single-stranded sgRNA of MYB115 or MYB134 with 20 nt overhangs on both
ends were combined and incubated for 1 h at 50°C using the NEBuilder DNA Assembly Kit
(New England BioLabs). The reaction products (1 pl) were transformed into E. coli XL1-Blue
via electroporation and colonies were grown on LB Kan50. Purified plasmid was sequenced in
order to confirm correct assembly.

To assemble two gRNAs into one vector for each construct (all constructs contain two
gRNAs) the first gRNA fragment was amplified with primers 35SSpel MtU6F and
UNSI1 _ScaffoldR for p201G plasmid, while the first gRNA fragment for p201N or H plasmids
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were amplified with Swal MtU6F and UNS1 ScaffoldR. The second p201G gRNA fragment

was amplified with UNS1 MtUGF and 4Apal ScaffoldR, while p201N or H was used with

Spel Scaffold R. Linearized plasmid, two purified gRNA fragments with 20 nt overhangs on
both ends were combined and transformed into E. coli XL1-Blue as described above. Both
p201G or p201H-MYB115 and p201G or p201N-MYB134 contained two gRNAs targeting two
exon regions respectively, while p201G- or p201N-double-knockout contained one gRNA from
MYBI115 exonl and another gRNA from MYB134 exonl. Purified plasmids were sequenced
again and confirmed constructs were further electroporated into Agrobacterium tumefaciens
strain GV3101 (MP90) for p201N or H plasmids and Agrobacterium rhizogenes strain ARqual
for p201G plasmids. Positive transformants were identified by colony PCR with

35SSpel MtU6 F/Apal Scaffold R for p201G plasmids and Swal MtU6F/Spel ScaffoldR for
p201N or H plasmids. The primers for amplifying each fragment are shown in Supplemental

Table 1.2.

2.3.2 Plant transformation to obtain transgenic hairy roots and whole plants

Hairy roots were generated on in vitro cultured P. tremula % P. alba clone 717-1B4 as
described previously (Yoshida et al., 2015; Fellenberg et al., 2020). Medium-sized leaves were
excised and placed on preculture solid medium (0.25 g of MES, 0.1 g of myo-inositol, 30 g of
Suc, and 4.33 g of MS [Caisson] salts in 1 L, pH 5.7) for 16 h. These leaves were wounded by
cutting the leaf veins gently before transformation with Agrobacterium rhizogenes strain
ARqual (Yoshida et al., 2015). Transformed colonies, containing P201G-MYBI115, p201G-
MYB134, p201G-double-knockout and p201G (empty vector), were grown on MG/L (5 g L™!
tryptone, 2.5 g L! yeast extract, 5.2 g L' NaCl, 2.0 g L' glutamic acid, 10 g L"! mannitol, 0.2 g
L' MgS04-7H20, and 0.5 g L' KoHPOu, 0.8 pg/L biotin)-agar medium at 28°C with 50 mg L™!
spectinomycin and 50 mg L' kanamycin for vector selection. Liquid cultures were grown in
MG/L medium for 16 h before collecting cells by centrifugation at 3500rpm for 20 min. The
bacterial pellet was resuspended in induction broth (0.25 g of MES, 0.1 g of myo-inositol, 30 g
of Suc, and 4.33 g of MS salts (Caisson Labs, Smithfield, UT) in 1 L, pH 5.7-5.9) with 200 mM
acetosyringone. A suspension with optical density of 0.6 to 0.8 was used to inoculate excised

leaves. Wounded explants were shaken in the Agrobacterium suspension at 100 rpm for 90-100
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min at 28°C. Transformed leaves were maintained on solid antibiotic-containing medium
(preculture medium with 500 mg L! cefotaxime and 300 mg L' timentin) for at least 2 weeks.
After hairy roots appeared on transformed leaves, positive transformants were selected via GFP
fluorescence under UV light (395 nm) using an Olympus SZX7 Zoom Stereomicroscope.
Positive roots were excised and sub-cultured on hairy root medium (WPM supplemented with
0.25 mg L! indole-3-butyric acid and 0.25 mg L' 1-naphthaleneacetic acid) in the dark at 25°C
until sufficient mass for analysis was obtained. For analysis, approximate 100 mg of hairy roots
were harvested, and flash frozen in liquid nitrogen for DNA extraction and chemical analysis.
For generating transgenic whole plants, P. tremula % P. tremuloides clone (INRA 353-
38) leaf explants were transformed as described previously (Mellway et al., 2009; James et al.,
2017). Medium-sized leaves were excised and placed on preculture solid medium for two days.
These leaves were wounded by cutting the leaf veins gently before transformation with
Agrobacterium tumefaciens strain GV3101, containing P201H-MYB115, p20IN-MYB134,
p201N-double-knockout and empty vector, respectively. Positive transformed lines were selected
by growth on hygromycin or kanamycin-containing selecting medium (callus, shoot and root
induction medium) (Yoshida et al., 2015; Fellenberg et al., 2020). After transgenic plantlets
rooted on antibiotic-containing medium, the leaves were harvested for DNA extraction and
positive transformants were confirmed by PCR using primers that amplify each exon of
MYBI115 and MYB134 genes, respectively (Supplemental Table 1.1) and sent for sequencing.
Transgenics were maintained and micropropagated on solid WPM as described above prior to

acclimation to the greenhouse for further analysis.

2.3.3 Plant growth conditions and stress treatments

Prior to characterizing the phenotypes of whole plant transgenics, tissue culture plantlets
were transferred to peat moss-based soil-less mix (Sunshine Mix 4, Victoria, BC) and acclimated
in a mist chamber for one month. The plants were then transferred to gallon pots with additional
slow-release fertilizer (Major and Constabel, 2006). Plants were kept in the greenhouse under 16
h daylight, with temperatures between 18 °C and 26 °C. Plants were grown in the greenhouse for
another two weeks before being moved into a growth chamber specially equipped with LEDs for

high-light treatments. Potted plants were placed in saucers and watered daily. The average daily
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light intensity was set to 500 - 600 pmol m™ s for the first 5 days, and then increased to 1000

pumol m s! for 15 days. Plants were rotated every other day to minimize light differences in the
growth chamber. After 20 days exposure to high-light, samples including apex (three small
leaves as well as the stem were included), medium leaves (leaf plastochron index (LPI) 10-12),
young stems (around 10cm under the apex) and young roots (around 5cm in white zone
containing root tips) were harvested, flash frozen in liquid nitrogen and stored at -80°C for
further experiments. The plant tissues were then ground into fine powder and freeze-dried prior

to phenolic extraction.

2.4 DNA extraction and genotyping

DNA extraction of positive hairy roots and transgenic plants, target gene amplification
and sequencing were performed as described in 2.2. To check the CRISPR/Cas9 system
knockout efficiency and characterize the mutation types, genomic DNA was extracted, and
amplicons were PCR-amplified, with primers targeting each exon of MYB115 and MYB134
genes respectively (Supplemental Table 1.1), from each transgenic line to include SNPs to
identify both parental alleles. The PCR products containing two gRNA sites were sequenced
directly and analyzed using the web-based tool TIDE (https://tide.nki.nl/) to preliminarily
identify mutations and distinguish bi-allelic from monoallelic mutants. Distinct allele-specific
SNPs around the gRNA target region were used to confirm that both parental alleles had been
amplified and mutated in these sites. For ambiguous sequence results that could not be
unambiguously identified by TIDE, PCR products were then cloned into T-vector (P GEM®-T
Easy Vector, Promega, USA) for allele-specific sequencing to determine the mutation obtained
on each allele. The rates of edited hairy roots or whole plants were calculated based on the PCR

subcloning sequencing results.

2.5 Histochemical staining

To detect PAs and flavan-3-ols, fresh plant tissues (including apex, stem, young leaf and
root) were harvested after two months of growth in the mist chamber and stained for 5 min with

DMACA (1% 4-dimethylaminocinnamaldehyde w/v in ethanol:6 N HCI, 1:1, v/v), following de-
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staining in 95% ethanol (Mellway et al., 2009). Images were recorded using a SeBaCam™

digital camera (Laxco) mounted on a stereo microscope (Laxco, Washington, U.S.).

2.6 Phytochemical extraction, butanol-HCI tannin assay and Ultra-Performance
Liquid Chromatography analysis

The butanol-HCI method (Porter et al., 1986) was performed to quantify condensed
tannins in different poplar tissues as described previously (Yoshida et al., 2015; Gourlay and
Constabel, 2019). Freeze-dried tissue was ground in liquid nitrogen and around 50 mg powder
was weighed in a 2-ml CryoTube. Ground tissues were extracted in 1.5 ml of 100% MeOH and
four steel beads were added to the mixture, which was homogenized using a Precellys tissue
homogenizer (Bertin Technologies, Rockville, MD, USA) for two cycles (each cycle for 45 s at
5000 Hertz per min). This was followed by sonication for 10min in a sonicating water bath and
further centrifugation for 10 min at 15,000g, after which the supernatant was collected. The
extractions were repeated twice more with an additional 1 ml MeOH, resulting 3.5 ml of extract
in total. For tannin assays, reaction mix containing 66.7 pul iron reagent (2% w/v FeNH4(SO4)2 in
2 N HCI) and 2ml butanol-HCIl (95:5 v/v) was added to 500 pl of MeOH extract and mixed well.
200 pl of the mixture was removed to 96-well plates for use as unheated blanks. The remaining
reaction mixture was incubated in a 95 °C water bath for 45 mins then allowed to cool to room
temperature. Again, 200 pl of the assay mixture was moved to 96-well plates and read at 550nm
using a PerkinElmer Victor X5 2030 Multilabel Plate Reader (Turku, Finland). The absorbance
readings of unheated blanks were subtracted from that of the heated mixture for background
correction. Tannin concentration was calculated using standard curves using with purified poplar
CTs (Mellway et al., 2009).

The remaining 3 ml of methanol extract mentioned above was dried in a SpeedVac Plus
concentrator (ThermoSavant SC110A) for several hours. The dried extracts were sonicated in
50% HPLC-grade MeOH to resuspend to a final concentration of 80 mg tissue DW/ml methanol.
UPLC-MS and analysis was performed as described in Fellenberg et al. (2020). The suspension
was filtered through a syringe filter (4 mm, 0.2 um PTFE; Phenomenex), and 1.0 ul of each
sample was injected into a Waters Acquity UPLC System coupled to an Acquity PDA eLambda
Detector and an Acquity QDa single quadrupole mass spectrometer (Waters, Milford, MA,
USA). To separate phenolic compounds, two solvents were used: solvent A (ddH20 with 0.1%
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formic acid) and solvent B (acetonitrile with 0.1% formic acid). The flow rate of the gradient
was set at 0.5 ml min™'. The detailed gradient profile, UV wavelength range and MS conditions
were described by Fellenberg et al. (2020). Optimized SIR methods and negative ionization
mode were used for collecting MS data and MS analysis. Catechin, epicatechin and salicin
(Sigma-Aldrich) as well as tremulacin, tremuloidin and salicortin (gifts from Dr. Richard
Lindroth, University of Wisconsin) were used as standards to create calibration curves using
serial dilutions (10005 ng ul™"). The SIR method targeted masses, and optimized cone voltages
for salicinoids were recorded in Fellenberg et al. (2020). The targeted mass and optimized cone
voltage for catechin and epicatechin is 289 m/z, 16 V. MS data were processed in TargetLynx
(version 4.1) software, and each compound from each sample was quantified by measuring the

peak area.

2.7 RNA extraction, cDNA synthesis, and RT-qPCR analysis

Total RNA was extracted from both poplar roots and leaves using the method modified
from Muoki et al. (2012) as described in Yoshida et al. (2015) and James et al. (2017).
Approximately 50 to 75 mg of frozen ground leaf or root tissue was used for RNA extraction. To
remove genomic DNA, RNA preparations were treated with RQ1 DNase (Promega, Madison,
WI, USA). First strand cDNA was synthesized using Superscript Il reverse transcriptase
(Invitrogen, Carlsbad, CA, USA).

RT-gPCR was performed in 20ul reactions with Luna® Universal gPCR Master Mix
(NEB, Ipswich, MA, USA). Each reaction contained 100ng of 1:10 diluted cDNA template,
0.5ul of 10 mM forward and reverse primers, Sul master mix, and DEPC water. QPCR was
performed on a CFX96 Real Time system and C1000 Thermocycler (Bio-Rad), following the
thermocycling protocol provided by NEB. For each sample, no-reverse transcriptase reactions
were included as negative controls. All transcript expression data were normalized against the
geometric mean of poplar elongation factorlb (EF1b; Potri.001G224700) and actin
(Potri.001G309500) expression, and were quantified by the 24T method (Livak and
Schmittgen, 2001). Primers are shown in Supplemental Table 1.3. Annealing temperature for
each pair of primers was optimized for highest primer efficiency, which was estimated based on

the slope of the standard curve created with a series dilution of templates (Yoshida et al., 2015).
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2.8 Fungal cultures and disc inhibition assay

Six different isolates of Armillaria (A. ostoyae and A. sinapina) were obtained from Dr.
Renate Heinzelmann (Forest Sciences, University of British Columbia) and were maintained on
3% malt extract medium at 25°C in the dark. For propagation, a plate of fungus mycelium was
blended with liquid potato dextrose broth (PD broth) in a sterilized cup and the mixture was
cultured for 14 days at 100 rpm on a shaker. The culture in PD broth was homogenized again for
30s and was spread on 1% malt extract agar. The plates were incubated at 25°C for 7days in the
dark, before being used for propagation or disc assay.

The dikaryotic vegetative mycelium of the ectomycorrhizal fungus Laccaria bicolor
strain S238N (obtained from Dr. Judith Felten, Umea University, Sweden) was maintained on
modified Pachlewski medium P5 at 25°C in the dark (Deveau et al., 2007; Felten et al., 2009).

Both Armillaria and Laccaria bicolor hyphal inhibition by PAs and catechin was tested
using disc diffusion assays according to the method described in Foss et al. (2014). Agar plates
were centrally inoculated with a mycelial plug from each culture and incubated at room
temperature in the dark until actively growing (approximately 3-7days). Discs (0.5 cm?) were cut
from Whatman™ grade 1 qualitative filter paper (Fisher Scientific, ON, Canada) and autoclaved.
Purified poplar PAs available from the Constabel lab and commercial catechin were dissolved in
methanol. PA or catechin solutions (50 mg/mL and 100 mg/mL) were applied to discs to give a
final dose of 500, 800 and 1000 pg PAs or catechin/disc, and the methanol was allowed to
evaporate. Discs treated with same amount of methanol were used as negative solvent controls.
Positive controls were treated with 10 pg hygromycin/disc, a known antifungal agent applied in
MeOH. Treatment discs were placed at an equal distance from the edge of actively growing
culture and incubated at room temperature in the dark. Hyphal inhibition was assessed by

measuring the zone of inhibition surrounding each disc after an incubation of 48h.

2.9 Mycorrhizal co-culture sandwich assay

For ectomycorrhiza formation on in vitro poplar by L. bicolor, we followed the modified
sandwich coculture method developed by Felten et al. (2009). Assays were carried out by Simon
Petley. Poplar stem cuttings of wild-types and double-knockouts were propagated and

precultured on woody plant medium (WPM) for a week to get rooted plantlets, which were
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transferred to square petri dishes (100 x 100 x 20 mm, Sarstedt, Germany) with WPM half

covered with a cellophane membrane and cultured vertically for another 3 weeks. In parallel,
mycelium plugs of L. bicolor S238N were placed on cellophane-covered P20 (low-carbon/
sugar-reduced Pachlewski medium, pH 5.8, buffered with 1 g L"' MES sodium salt) in similar
square petri dishes and grown for 10 days. For cocultures, plants were first transferred to square
petri dishes containing P20 half covered by cellophane. Then the half piece of mycelium-covered
cellophane membrane was placed fungus side down on the poplar roots for direct interaction.
The plates were sealed with microtapes or parafilms and the lower part of the square petri dish
was covered with a black plastic bag to avoid light. The inoculated cultures were arranged
vertically in the growth chamber, which was maintained under the same conditions as the poplar
plant cultures. Poplar plants covered with a cellophane membrane without fungal mycelium were
setup at the same stage as a control.

To determine the extent of poplar root colonization by L. bicolor, around 10 individual
poplar plants (three or four per square petri dish) were observed every week after inoculation
using a stereomicroscope (Laxco, Washington, U.S.). All root tips were counted, infected root
tips were quantified, and root morphology was recorded by images. The observation and

counting of root tips were done by Honours student Simon Petley.

2.10 Statistical analyses

Data were analyzed by t-tests or one-way analysis of variance (one-way ANOVA) with
factors for genotype. Tukey’s honest significant difference (Tukey’s HSD) post-hoc tests were
used to determine which specific groups’ means (compared with each other) were significantly

different (P = 0.05). All statistical analysis was done in R (version 4.1.1).
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Chapter 3: Results

3.1 Validation of MYB115 and MYB134 target genes

MYBI115 and MYB134 genes were cloned with primers based on the genome sequences
of P. tremula, P. tremuloides and P. alba from online databases Popgenie and AspenDB and
sequenced (Sequetech, CA, USA). Sequences were aligned to the database and single
nucleotides polymorphisms (SNPs) in both alleles were identified. For P. tremula x P.
tremuloides hybrid INRA 353-38 (WT353), SNPs in MYB115 and MYB134 genes were not
matched with those from Popgenie and were updated as highlighted in red in Figure 3-1(A)(B)
and Figure 3-2(A)(B). For P. tremula x P. alba hybrid INRA 717-1B4 (WT717), SNPs were
confirmed and matched with those from AspenDB as highlighted in blue in Figure 3-1(C)(D) and
Figure 3-2(C)(D).
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GGTCTCCTCAGATGTIGGAAARAGTTGTAGGCTAAGATGGATGAATTATT TACGACCAGACATCAAGAGAGGGAATATAAC
ggtctcctcagatgtggaaaaagttgtaggctaag gatgaat aatataac

TCCTGACGAGGATGATCTCATTATTAGAATGCACTCCCTIACTCGGTAACCGGTGGTCTCTCATTGCTGGAAGACTTCCAG 160
TCCTGACGAGGATGATCTCATTATTAGAATGCACTCCCTEICTCGGTAACCGGTGGTCTCTCATTGCTGGAAGACTTCCAG 160
TCCTGACGAGGATGATCTCATTATTAGAATGCACTCCCTRCTCGGTAARCCGGTGGTCTCTCATTGCTGGAAGACTTCCAG 160
TCCTGACGAGGATGATCTCATTATTAGAATGCACTC! EBCTCGGTAACCGGTGGTCTCTCATTGCTGGAAGACTTCCAG 160

tgacgaggatgatctcattattagaatgcactccct ctcggtaaccggtggtctctcattgctggaagacttccag
GTCGAARCCGATAACGAGATCRAGAATCATTGGRAACACCCATCTCAGCAAGAGACTTAGAAGCCAAGGARCCGACCCCAAC
GTCGAARCCGATAACGAGATCAAGAATCATTGGAACACCCATCTCAGCAAGAGACTTAGAAGCCAAGGARCCGACCCCAAC
GTCGAACCGATAACGAGATCAAGAATCATTGGAACACCCATCTCAGCAAGAGACTTAGAAGCCAAGGARCCGACCCCAAC
GTCGAACCGATAACGAGATCARAGAATCATTGGAACACCCATCTCAGCAAGAGACTTAGAAGCCAAGGARCCGACCCCAAC
gtcgaaccgataacgagatcaagaatcattggaacacccatctcagcaag tagaagccaaggaaccgaccccaac

(SRS

ACCCACAARAAGTTAGCAGAACCAGTAAAACGTGAAGTGAGAAGAAGGACAAGCAACAACGACAARAACACCAGCA WA
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[ TGTTGGAGATGTTGATCTTGTTARTGGT TCAGATCTTGAATGCCRAATCTCTTCTGCCTACGACAGACACCTTAGAGARAGC
[ TGTTGGAGATGTTGATCTTGTTAATGGT TCAGATCTTGAATGCCAATCTCTTCTGCCTACGACAGACACCTTAGAGARAGC
[ TGTTGGAGATGTTGATCTTGTTAATGGT TCAGATCTTGAATGCCAATCTCTTCTGCCTACGACAGACACCTTAGAGARAGC
tgttggagatgttgatcttgttaatggttcagatcttgaatgocaatctcttictgccta cagacaccttagagaagc
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Figure 3-1: Poplar MYB115 DNA sequence obtained from P. tremula % P. tremuloides
hybrid INRA 353-38 (WT353) and P. tremula % P. alba hybrid INRA 717-1B4 (WT717). (A)
MYBI115 exonl sequence from WT353, (B) MYB115 exon2 sequence from WT353, (C)
MYBI115 exonl sequence from WT717, (D) MYB115 exon2 sequence from WT717. SNPs are



highlighted in red or blue. Red = not matched with Database, blue = matched with Database.
Database, sequence acquired from database; Potra, P. tremula allele; Potrs, P. tremuloides allele;
alba, P. alba allele.
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ATGGGGAGGAGTCCATGTTGCTCCAAGGAGGGGCTCAACAGAGGAGCCTGGACTGCCTTAGAAGACAAEATACTGACGGC

gtccatgttgcte

ggaggggctcaaca

GTATATCAAGGCCCACGGAGAAGGCAAATGGAGAAACCTCCCCAAGAGAGCA

GTATATCAAGGCCCACGGAGAAGGCAAATGGAGARACCTCCCCAAGAGAGCA
GTATATCAAGGCCCACGGAGAAGGCAAATGGAGARACCTCCCCAAGAGAGCA
GTATATCAAGGCCCACGGAGAAGGCAAATGGAGARACCTCCCCAAGAGAGCA
gtatatc gcccacyg aagyg tgga tccccaagagageoa

AGATGGTCTTTAATAGCTGGAAGGCTACCTGGGCGRAACAGACAATGAAATCAAGAACTACTGGAACACTACTCTGGGGAR
AGATGGTCTTTAATAGCTGGAAGGCTACCTGGGCGAACAGACAATGAAATCAAGAACTACTGGAACACTACTCTGGGGAR)
AGATGGTCTTTAATAGCTGGAAGGCTACCTGGGCGAACAGACAATGAAATCAAGAACTACTGGAACACTACTCTGGGGAR
AGATGGTCTTTAATAGCTGGAAGGCTACCTGGGCGAACAGACAATGAAATCAAGAACTACTGGAACACTACTCTGGGGAR)
agatggtctttaat gg gc gc d tac aaca

GARAGCCARTGCTCAAGCATCTCCACAATCCAAACAARATTMCCAGAGCTTTAAARRACGAGCAATTMWAACCCATGACTA
GAAAGCCAHTGCTCAAGCATCTCCACAATCCAAACAAAATT*
GARAGCCARTGCTCAAGCATCTCCACAATCCAAACAARATTEE

TTACAGTCACCACCACCHECEAATACCGCCACCTAAAGCTCTCTCCTCAACAGCCATAGACGACCCACCACAAGCTCCCTT
TTACAGTCACCACCACCEC

ETTAAATCATCAACAAGCTAGCCCAAGTCTTCACTGCGGAACTGAAGAGCCTCEGGCGTGCGATGATGACTCHGATTTCT
eTTAAATCATCAACAAGCTAGCCCAAGTCTTCACTGCGGAACTGAAGAGCCTCHGGCGTGCGATGATGACTCHGATTTCT
PTTAAATCATCAACAAGCTAGCCCAAGTCTTCACTGCGGAACTGAAGAGCCTCHGGCGTGCGATGATGACTSHGATTTCT

ATTGGTTCTTACCATTCCTTAGCCTTATCTGATGACCTAATGT TCAAGGATTGGGCCCTGAATCGTTGTCTCGATGACAA)
ATTGGTTCTTACCATTCCTTAGCCTTATCTGATGACCTAATGT TCARGGATTGGGCCCTGAATCGTTGTC TCGATGACAA)

ATTGGTTCTTACCATTCCTTAGCCTTATCTGATGACCTAATGTTCAAGGATTGGGCCCTGAATCGTTGTCTCGATGACAR
ATTGGTTCTTACCATTCCTTAGCCTTATCTGATGACCTAATGTTCAAGGATTGGGCCCTGAATCGTTGTCTCGATGACAR
attggttcttaccattccttagccttatctgatgacctaatgttcaaggattgggccctgaatecgttgtectecgatgacaa

TTCAACTTTGGACTTGGAATCTTTGGCACATTTGCTTGACTCTGAAGAGTGGCCTGAGATGAGACATTGA
TTCAACTTTGGACTTGGAATCTTTGGCACATTTGCTTGACTCTGAAGAGTGGCCTGAGATGAGACAT TGA

TTCAACTTTGGACTTGGAATCTTTGGCACATTTGCTTGACTCTGAAGAGTGGCCTGAGATGAGACAT TGA
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C

Database-tremula IATGGGGAGGAGTCCATGTTGCTCCAAGGAGGGGCTCAACAGAGGAGCCTGGACTGCCTTAGAAGACAA[ATACTGACGGC 80
Database-alba IATGGGGAGGAGTCCATGTTGCTCCAAGGAGGGGCTCAACAGAGGAGCCTGGACTGCCTTAGAAGACA. 80
tremula-exonl [ATGGGGAGGAGTCCATGTTGCTCCAAGGAGGGGCTCAACAGAGGAGCCTGGACTGCCTTAGAAGACA 80
alba-exonl IATGGGGAGGAGTCCATGTTGCTCCAAGGAGGGGCTCAACAGAGGAGCCTGGACTGCCTTAGAAGACA. 80
Consensus atggggaggagtccatgttgctccaaggaggggectcaacagaggagectggactgeccttagaagacaa atactgacggce
Database-tremula GTATATCAAGGCCCACGGAGAAGGCAAATGGAGAAACCTCCCCAAGAGAGCA 160
Database-alba GTATATCAAGGCCCACGGAGAAGGCAAATGGAGAAACCTCCCCAAGAGAGCA 160
tremula-exonl GTATATCAAGGCCCACGGAGAAGGCAAATGGAGAAACCTCCCCAAGAGAGCA 132
alba-exonl GCTATATCAAGGCCCACGGAGAAGGCARATGGAGAARACCTCCCCAAGAGAGCA 132
Consensus gtatatcaaggcccacggagaaggcaaatggagaaacctccccaagagagca

AGATGGTCTITTAATAGCTGGAAGGCTACCIGGGCGAACAGACAATGARATCAAGAACTACTGGAACACTACTICTGGGGAA)

GARAGCCAATGCTCAAGCATCTCCACAATC
Jgaaadg a tcaagcatctccacaatc

ACACCCAATCATCAAAGCCAACACTGGCAACCCAAGTAATCCCCACCAAGGCCACTAGGTGCACTAAGGTTITCCTCTCA)
ACACCCAATCATCAAAGCCAACACTGGCAACCCAAGTAATCCCCACCAAGGCCACTAGGTGCACTAAGGTTITCCTCTCA)

ACACCCAATCATCARAGCCAACACTGGCAACCCAAGTAATCCCCACCAAGGCCACTAGGTGCACTAAGGTTTTCCTCTCA]
ACACCCAATCATCARAGCCAACACTGGCAACCCAAGTAARTCCCCACCAAGGCCACTAGGTGCACTAAGGTTTTCCTCTCA]
acacccaatcatcaaagccaacactggcaacccaagraatcccraccaaggccactaggtgcactaaggttttcctotea

TTACAGTCACCARCCACCACC
TTACAGTCACCARCCACCACC
TTACAGTCACCARCCACCACC
TTACAGTCACCARCCACCACC
TCcaccaccaccacca accgccacctaaag tctctcctca cagccatag cccaccacaa ctccctt

GGCGTGCGATGATGACTCAGATTTCT)
GTTAAATCATCAACAAGCTAGCCCAARTCTITCACTGCGGAACTGAAGAGCOMCEGGCGTGCGATGATGACTCAGATTTCT
GTTAAATCATCARACARAGCTAGCCCAAETCTTCACTGCGGAACTGRAGAGCCEGGCGTGCGATGATGACTCAGATTTCT
GTTAAATCATCARACARAGCTAGCCCAARTCTTCACTGCGGAACTGRAGAGCOMCEGGCGTGCGATGATGACTCAGATTTCT
gttaaatcatcaacaag c ggcgtgcgatgatgactcagatttct

tcttcactgcgga

agcccaa gaagagcc

TGRAATTTTGGACACTGGRAATGAGTTTCAACCGAGTGATGGAGGTACACTAATTGACRATGATTGTGACRAGRAATCTMTCC
TGAATTTTGGACACTGGAATGAGTTTCAACCGAGTGATGGAGGTACACTAATTGACAATGATTGTGACRAGARATCTETCC
TGAATTTTGGACACTGGAATGAGTTTCAACCGAGTGATGGAGGTACACTAATTGACAATGATTGTGACRAGRAATCTMTCC
TGAATTTTGGACACTGGRATGAGTTTCAACCGAGTGATGGAGGTACACTAATTGACRATGATTGTGACRAGAATCTETCC
tgaattttg ctggaatgagtttc attgacaatgattgtgacaagaatct toc

ATTGGTTCTTACCATICSTTAGCCTTATC]
ATTGGTTCTTACCATTCETTAGCCTTATCEG & AATGTTCAAGGATITGGGCCCTGAATCGITGTICTCGATGACAA]
AATGTTCAAGGATITGGGCCCTGAATCGITGTICTCGATGACAA]

actttggacttggaatctttggc catttgcttgact

Figure 3-2: Poplar MYB134 DNA sequence obtained from WT717 and WT353. (A)
MYB134 exonl sequence from WT353, (B) MYB134 exon3 sequence from WT353, (C)
MYBI134 exonl sequence from WT717, (D) MYB134 exon3 sequence from WT717. SNPs are
highlighted in red or blue. Red = not matched with Database, blue = matched with Database.
Database, sequence acquired from database; Potra, P. tremula allele; Potrs, P. tremuloides allele;
alba, P. alba allele.
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3.2 Generation of MYB115 and MYB134 CRISPR mutants in poplar hairy roots and
whole plants

3.2.1 Design of gRNA and making constructs

In order to test the regulation roles and tissue specific priority of MYB115 and MYB134
in PA synthesis in vivo, CRISPR/Cas9 was applied to knock out these genes. The interspecific
poplar hybrids I used for transformation are highly heterozygous, making selection of suitable
gRNAs challenging, as chosen target sequences must be identical in both alleles due to the
specificity of the CRISPR system. This means that chosen target sites should not contain any
allele-specific single nucleotide polymorphisms (SNPs). With confirmed sequences of wild-type
MYBI115 and MYB134 genes as displayed in Figure 3-1 and Figure 3-2, potential targeted
gRNA sequences without SNPs, either confirmed or updated, were selected from the pre-
designed gRNAs dataset provided by Zhou et al. (2015). Two different gRNAs for both MYBs
were chosen, approximately 700-800 bp apart within the coding sequence, to create larger
deletions and more effectively disrupt the protein. The gRNAs designed are shown in Figure 3-3.
Single gRNAT and sgRNA2 were designed for MYB115 gene exonl and exon2 region,
respectively, and sgRNA3 and sgRNA4 were designed for MYB134 gene exonl and exon3
region, respectively. Each gRNA was further compared to the poplar genome by BLAST to test
for potential off-target sites within other genes. No matches were found by BLAST. Then each
pair of two target gRNAs was synthesized and cloned into P201H/N or P201G plant
transformation vectors created by Jacobs et al. (2015), which contain both Cas9 and a selective
marker gene. The two types of plasmids used for transformation were described in Methods and
the vector maps are shown in Figure 3-4. A double knockout construct was also created, which

contains two gRNAs, sgRNAT1 and sgRNA3, in order to mutate both MYB genes.



MYB 115 locus
MYB Pro + 5’'UTR

> >
sgRNA1 sgRNA2

5" ATGGGAAGGGCTCCTTGTTGCTCTAAGGTGGGTTTGCG ...3 5...AGAGAGGGAATATAACTCCTGACGAGGATGA...3’
3' TACCCTTCCCGAGGAACAACGAGATTCCACCCAAACCC .5 3. TCTCTCCCTTATAT TGAGGACTGCTCCTACT...5

3'UTR

MYB 134 locus

MYB Pro + 5’UTR m exon?2 3’UTR
sgRNA3 sgRNA4
5'... GCTCCAAGGAGGGGC TCAACAGAGGAGCC ...3' 5'... AACACCCAATCATCAAAGCCAACACTGGCAAC ...3'
3... CGAGGTTCCTCCCCGAGTTGTCTCCTCGG ...57 3. TTGTGGGTTAGTAGTTTCGGTTGTGACCGTTG ...5'

Figure 3-3: Schematic representation of the MYB genes fragments, indicating the sgRNA
target sites and sequences. Exons and introns are represented by gray boxes and gray lines,
respectively. The target sites for each CRISPR/Cas9 nuclease are indicated by red arrows,
sgRNA target sequences are indicated in red and underlined, and protospacer adjacent motifs
(PAM) are displayed in blue.
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R
—@iﬂ Pro35S + Pro35S - hCas9 -Tnos—m gRNAL m gRNA2 p201G-hCas9

B

R
Kana®R —— Pro35S - hCas9 -Tnos—Mb gRNA1 m gRNA2 p201N-hCas9

LB

LB B

R
Hyg® —— Pro355 - hCas9 \Tnos—lmb sRNA1 m gRNA2 p201H-hCas9

Figure 3-4: CRISPR/Cas9 binary plasmids for targeted genome mutagenesis. (A) Examples
of two types of vectors targeting two loci simultaneously with eGFP marker in p201G vector and
kanamycin resistance marker in p201N vector. (B) Linearized vector map. Pro35S, Cauliflower
mosaic virus enhanced CaMV promoter; MtU6, Medicago truncatula U6.6 promoter; hCas9, the
human codon-optimized Cas9 gene; LB, left T-DNA border; Kana®, kanamycin resistance gene;
HygR, hygromycin resistance gene; eGFP, eGFP fluorescent marker gene; TNos, NOS terminator
region; RB, right T-DNA border.

3.2.2 Positive transformants recovered with hairy roots and whole plants

Hairy root transformation is a faster and more efficient method to obtain transgenics
material compared to whole plant transformation, and therefore this system is a good test of
gRNA specificity and efficiency for whole plant CRISPR knockouts. Additionally, poplars
accumulate large amounts of PAs in roots, an advantage of the hairy root expression system for
exploring the roles of MYBs in PA biosynthesis. Simultaneously, whole plant transformation

was conducted to generate low-PA lines and to explore the phenotypes in other tissues.

Positive hairy root transformants were screened by green fluorescence under UV light
due to the eGFP marker in the p201G plasmid, indicating the presence of T-DNA, Cas9 gene and
gRNAs. Hairy roots that were not successfully transformed with the construct showed no
fluorescence, whereas hairy roots that were successfully transformed showed strong green
fluorescence under UV light on the stereoscope (Figure 3-5). GFP-expressing roots were further
sub-cultured into three biological replicates on antibiotic-containing solid medium. It took
approximately 1 to 2 months for the root to grow and to obtain sufficient biomass for genotyping
and phytochemical analysis. Whole plant mutants were selected using the resistance marker.
Rooted plants grown on antibiotic containing medium were propagated as individual
independently transformed whole plant lines and genotyped before being transplanted into the

greenhouse.
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Four independent transformation batches for each construct were generated in both hairy

roots and whole plants. The numbers of GFP-positive hairy roots and total hairy roots as well as
rooted plantlets and calli are presented in Tables 3-1 and 3-2. The ratio of positive transformed
hairy roots or plantlets to total transformants were different among batches, and positive
transformation ratio of hairy roots was higher than that of whole plants. Additionally, single
knockouts were shown to possess higher transformation efficiency or viability than double

knockouts.

Table 3-1: Yield of GFP-positive hairy root lines and total transformants from 4 separate
transformation batches.

hairy root total GFP-positve hairy

lines roots/ total transformants batch A batch B batch C batch D
MYB115-KO 43/110 (39.1%) 7/15(46.7%)  22/50 (44.0%)  8/25 (32.0%) 6/20 (30.0%)
MYB134-KO 45/126 (35.7%) 24/60 (40.0%)  8/13 (61.5%) 5/18 (27.8%)  8/35(22.9%)
double-KO 37/139 (26.6%) 15/70(21.4%)  9/23 (39.1%) 5/22 (22.7%) 8/24(33.3%)

Table 3-2: Yield of rooted plantlets and total calli grown on antibiotic containing medium
from 4 separate transformation batches.

wholle plant total rooted pla.ntlets/ batch A batch B batch C batch D
lines total calli

MYB115-KO 30/138 (21.7%) 11/45 (24.4%)  6/32 (18.75%) 7/26 (26.9%)  6/35 (17.1%)

MYB134-KO 14/103 (13.6%) 7/33 (21.2%) 7/24 (29.2%) 0/24 (0%) 0/22 (0%)

double-KO 13/122 (10.7%) 2/20 (10.0%)  8/52(15.4%)  2/38(5.3%)  1/12(8.3%)




46

Visible UV-light

Visible UV-light Merge

Figure 3-5: Poplar hairy roots transformed with p201G construct expressing the eGFP

marker. (A) Non-transformed hairy roots with no fluorescence. (B) Successful transformants
showing strong green fluorescence under UV light.

3.3 Genotyping analysis of CRISPR mutants in poplar hairy roots and whole
plants

To check the CRISPR/Cas9 system knockout efficiency and characterize the mutation
types, I first extracted genomic DNA from GFP-positive hairy root lines and rooted whole plant
transformants and amplified the MYB115 and MYB134 gene target regions including the two
gRNA sites. PCR products were first checked by gel electrophoresis to see if there were large
deletions between the two gRNAs (Figure3-6). Bands with smaller size represent amplicons with
large deletions, which can be found in one of the alleles for some lines. Two MYB134-KO lines
contain two smaller sized bands which indicates both alleles contain large deletions, as shown in

Figure 3-6(D). The lanes on the gel match the lines listed in Table 3-3.
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Figure 3-6: Electrophoresis gels showing PCR amplicons for MYB115 and MYB134 knock-
out (KO) transformants. Detection of deletion mutations in MYB115-KO hairy roots (A) and
MYB134-KO hairy roots (B) as well as in MYB115-KO whole plants (C) and MYB134-KO
whole plants (D) respectively. The symbols above each lane indicate the transformant lines
corresponding to the lines in Table 3-3. M, DNA size marker; EV, empty vector.

PCR amplicons were then sent for direct sequencing and analyzed using the web-based
tool TIDE (https://tide.nki.nl/) to preliminarily identify mutations and distinguish bi-allelic from
monoallelic mutants. Distinct allele-specific SNPs around the gRNA target region were used to
confirm that both parental alleles had been amplified and mutated in this region. For ambiguous
sequence results that could not determined by TIDE, PCR products were cloned into T-vectors
and a number of replicate colonies were sequenced to ensure that mutations had been obtained
for both alleles. Mutation types of both alleles for selected lines are summarized in Table 3-3, 3-

4 and 3-5.
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Table 3-3: Prevalent mutation types of MYB115-KO and MYB134-KO hairy root
transformants.

. Indel® d
Target gene Line Allele SeRNA1/3b SeRNA2/4C Frequency

tremula 0 0 3/6
WT 717 alba 0 0 3/6
tremula 0 +1 2/6
115-A1 alba® -2 +1 1/6
alba® 0 +1 3/6
e T o
MYB 115 tremula -1 +1 2/6
115-B23 alba® 0 +1 2/6
alba® -806bp 2/6
tremula 0 +1 2/4
115-B17 alba -300 +1 2/4
tremula -806bp 1/3
115-Bl4 alba -11 -1, edit 1 2/3
tremula 0 0 3/6
WT 717 alba 0 0 3/6
tremula 1 -2 1/6
134-A1 alba® -1 +1 2/6
alba® -656bp 3/6
tremula +1 -2 2/4
134-A2 alba -1 +1 2/4
tremula +1 -2 4/6
MYB 134 134-A3 alba -1 +1 2/6
tremula +1 -2 2/5
134-A10 alba® 0 -5 1/5
alba® -1 +1 2/5
tremula -656bp 2/6
134-A20 alba® -1 -5 2/6
alba® 0 -5 2/6
tremula -27 +1 3/6
134-D2 alba -15 +1 3/6

2 Indel, insertion and or deletion. ‘+’ indicates insertion and ‘-’ indicates deletion. Numbers shown after ‘+’ or ‘-’
represent the inserted or deleted nucleotides length.

 Mutation types found at sgRNA1 target site in both alleles from MYB115 and at sgRNA3 target site in both
alleles from MYB134.

¢ Mutation types found at sgRNAZ2 target site in both alleles from MYB115 and at sgRNA4 target site in both
alleles from MYB134.

4 At least four clones per PCR product were sequenced.

¢ Two different mutation types were found in the same allele, known as chimeric mutations.



Table 3-4: Prevalent mutation types of MYB115-KO and MYB134-KO whole plant

mutants.
. Indel® d
Target gene Line Allele seRNA1/3" seRNA2/4¢ Frequency

allelel 0 0 3/6

WT 353 allele2 0 0 3/6

allelel® 0 -32 2/4

H3-El allele2° deletion 717bp 2/4

allelel -3 +1 3/5

H15-A35 allele? deletion 805bp 25

allelel 0 +1 2/6

MYB 115 15-C2 allele2 0 +1 4/6
allelel +1 3/5

H5-C27 allele2 0 -1 2/5

allelel +1 +1 3/4

H5-Al allele2 -2 +1 1/4

allelel +1 0 3/5

15-Ad allele2 -2 -4 2/5

allelel 0 0 3/6

WT 353 allele2 0 0 3/6

allelelf deletion 695bp 2/7

134-A1 allelelf -1 +1 2/7

allele2 -1 +1 3/7

allelel deletion 695bp 2/4

134-A7 allele2 deletion 941bp 2/4

allelel” deletion 695bp 3/8

MYB 134 134-A5 allelelf -13 +1 3/8
allele2 deletion 941bp 2/8

allelelf -4 +1 3/7

134-B2 allelelf deletion 695bp 2/7

allele2 deletion 695bp 2/7

allele1® -199bp +1 2/6

134-B3 allelelf deletion 695bp 2/6

allele2 -1 +1 2/6

49

2 Indel, insertion and or deletion. ‘+’ indicates insertion and ‘-’ indicates deletion. Numbers shown after ‘+’ or ‘-’

represent the inserted or deleted nucleotides length.

b Mutation types found at sgRNA1 target site in both alleles from MYB115 and at sgRNA3 target site in both

alleles from MYB134.

¢ Mutation types found at sgRNAZ2 target site in both alleles from MYB115 and at sgRNA4 target site in both

alleles from MYB134.

4 At least four clones per PCR product were sequenced.

¢ Allelel and allele2 are the two alleles found in WT353, which could not be assigned to a tremula or
tremuloides allele based on sequences from databases.

fTwo different mutation types were found in the same allele, known as chimeric mutations.
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Table 3-5: Prevalent mutation types of double-KO whole plant mutants.

Line Allele Indel Frequenc Indel Frequency?®
MYB115-sgRNAI AUENEY \YB134-sgRNA3 duency
allelel 0 3/6 0 3/6
WT 353 allele2 0 3/6 0 3/6
LB allelel® F1T 3/7 1G 2/5
allele2? +1A 4/7 1A 3/5
B allelel +1T 2/6 +1A 5/6
allele2 2 AA 4/6 1A 1/6
B allelel 0 3/6 +1A 2/4
allele2 +1G 3/6 1A 2/4
allelel® +1T 2/4 1A 3/6
d-E allelel® - - -1A 1/6
allele2 +1 A 2/4 -1 A 2/6
allelel® +1T 2/5 1G 4/8
d-A/B¢ allelel® - - 1G 2/8
allele2 +1 A 3/5 1G 2/8

2 Indel, insertion and or deletion. ‘+’ indicates insertion and ‘-’ indicates deletion. Numbers and letters shown
after “+’ or ‘-’ represent the nucleotides inserted or deleted.

b Allelel and allele2 are the two alleles found in WT353, which could not be assigned to tremula or
tremuloides alleles based on sequences from databases.

¢ Two different mutation types were found in the same allele, known as chimeric mutations.

4 d represents double-KO. d-A/B represent double-KO-A and double-KO-B two lines. These two lines have
same genotypes.

The rates of edited hairy roots or whole plants were calculated on the basis of the PCR
subcloning sequencing results. For hairy root mutants, preliminary results identified seven
mutants with only one allele altered and eight transgenics with both alleles altered in all 17
MYBI115 GFP-positive lines, and five with only one allele altered and seven with both two
alleles altered in all 13 genotyped MYB134 lines (Table 3-6). Altogether, 82.4-92.3% of all
GFP-positive hairy roots are edited. However, only 30.8-35.3% of all transgenic events led to
biallelic mutations, most of which consisted of 1-5 indel base pairs. Thus, most mutants are
monoallelic and some are chimeric with three mutated alleles or with two mutated alleles and
one WT allele simultaneous in the same tissue. For both MYB115 and MYB134 hairy root
mutants, I identified more indels located in exon2/3 than that in exonl region. Mutations
occurring at gRNAT and gRNA?2 targeted sites accounted for 71.4 and 100% of the total edited
hairy roots respectively, while gRNA3 and gRNA4 possess 91.7% and 100% efficiency
respectively, as shown in Table 3-7 and Table 3-8, suggesting that gRNA1 and gRNA3 were not
as efficient as gRNA2 and gRNA4.
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Table 3-6: Numbers of edited hairy roots and types of mutations in MYB115 and MYB134
knockouts.

plants with one allele

edited hairy )
roots/ total plants with both alleles altered (no WT) altered and one WT plants with no
lines genotyped GFP- . . . . . . . alleles altered
. . homozygous bi-allelic chimeric  monoallelic chimeric
positve hairy s R . R (WT/WT)
roots (A1/A13) (A1/A2%) (A1/A2/A33..) (WT3/Al1l) (WT/A1/A2...)
MT(%FS 14/17 (82.4%) 0 6(353%)P°  2(11.8%)  5(29.4%) 2 (11.8%) 2 (11.8%)
MT(Z{)M 12/13 (92.3%) 0 4(30.8%)°  3(231%)  4(30.8%)P°  1(7.7%) 1(7.7%)

2 Al, allelel with mutations, A2, allele2 with mutations, A3, allele3 with mutations, WT, wild-type allele
without mutations.

" MYB115-KO and MYB134-KO lines are highlighted in blue and yellow respectively, and the mutation types
with highest ratio are also highlighted with the corresponding color.

Table 3-7: Editing frequency of sgRNA1 and sgRNA2 in edited MYB115-KO hairy roots.

| edited types of mutations in types of mutations in
lines tot.a edite sgRNA1 sgRNA2
hairy roots
none? one allele® both alleles none one allele both alleles
4 6 4 0 7 7
MYB115-KO 14
10/14 (71.4%) 14/14 (100%)

2 No alleles were edited.

One of the two alleles was edited, and the mutation types can be either indels or large deletions.

¢ Both two alleles were edited, and the mutation types can be either indels or large deletions.

Table 3-8: Editing frequency of sgRNA3 and sgRNA4 in edited MYB134-KO hairy roots.

| edited types of mutations in types of mutations in
lines tot'a edite sgRNA3 sgRNA4
hairy roots
none® oneallele® both alleles® none one allele both alleles
1 5 6 0 6 6
MYB134-KO 12
11/12 (91.7%) 12/12 (100%)

2 No alleles were edited.

One of the two alleles was edited, and the mutation types can be either indels or large deletions.

¢Both two alleles were edited, and the mutation types can be either indels or large deletions.
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For whole plant transgenics, 75 - 100% of all the 24 independent transgenic plants were
edited. One out of 12 MYB115 transgenics exhibited monoallelic mutation, another one
exhibited chimeric mutation containing two types of indels within the same allele, and 10 out of
12 (83.3%) were biallelic. Seven lines with both alleles altered were found in all 12 genotyped
MYBI134 transgenic plantlets, most of which are chimeras and only two are bi-allelic (Table 3-
9). Again, I found more indels located in gRNA2 than in gRNA1 for MYB115 transgenic whole
plants, confirming that gRNA2 possessed higher efficiency than gRNA1 for the MYB115 target
gene (Table 3-10). Although MYB115 exhibited higher editing rates than MYB134, the
MYB134 CRISPR construct generated more chromosomal fragment deletions between the two
gRNAs than MYBI115 in transgenic whole plants and both gRNAs designed for MYB134 exhibit
100% editing frequency (Table 3-11). In contrast, short indel mutations were the most prevalent

mutations identified in MYB115 transgenics.

Table 3-9: Numbers of edited whole plants and types of mutations in MYB115 and
MYb134 knockouts.

edited plants/ plants with both alleles altered plants with one allele
total (no WT) altered and one WT plants with no
lines genotyped . . . . . . . alleles altered
. homozygous bi-allelic chimeric monoallelic chimeric
independent Al1/A12 A1/A2%) (A1/A2/A3? WT3/A1) (WT/A1/A2 (WT/WT)
transgenic lines ( ) ) ) ) )
MT(%{}S 12/12 (100%) 0 10(833%) 1(83%)  1(8.3%) 0 0
MT(Z{)M 9/12 (75%) 0 2(16.7%) 5 (41.7%) 0 2 (16.7%) 3 (25%)

2 Al, allelel with mutations; A2, allele2 with mutations; A3, allele3 with mutations; WT, wild-type allele
without mutations.

" MYB115-KO and MYB134-KO lines are highlighted in blue and yellow respectively, and the mutation types
with highest ratio are also highlighted with corresponding color.
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Table 3-10: Editing frequency of sgRNA1 and sgRNA2 in edited MYB115-KO whole
plants.

hole ol | edited types of mutations in types of mutations in
w o.e plant total edite sgRNA1 sgRNA2
lines plantlets
none® one allele® both alleles® none one allele both alleles
7 2 3 0 3 9
MYB115-KO 12
5/12 (41.7%) 12/12 (100%)

® No alleles were edited.
®One of the two alleles was edited, and the mutation types can be either indels or large deletions.

¢Both two alleles were edited, and the mutation types can be either indels or large deletions.

Table 3-11: Editing frequency of sgRNA3 and sgRNA4 in edited MYB134-KO whole
plants.

. types of mutations in types of mutations in
who!e plant total edited sgRNA3 sgRNA4
lines plantlets
none? one allele® both alleles® none one allele  both alleles
0 2 7 0 3 6
MYB134-KO 9
9/9 (100%) 9/9 (100%)

2 No alleles were edited.
One of the two alleles was edited, and the mutation types can be either indels or large deletions.

¢Both two alleles were edited, and the mutation types can be either indels or large deletions.

For double knockout plants, no potential mutants were found in hairy roots (Table 3-12).
Twenty-two individual GFP-positive hairy root lines have been sequenced and analyzed by
TIDE, however, more than half of them exhibited mutations in neither MYB115 nor MYB134.
Very few lines contained monoallelic mutations in one of the MYB genes, while none contained
biallelic mutations or contained any type of mutation in both genes. For genotyped individual
whole plant lines, only nine of all 22 whole plants were mutated for both MYB115 and MYB134
genes (Table 3-12). Among these nine lines, only five possessed bi-allelic mutations in both
MYBI115 and MYB134 target regions, analyzed by TIDE and manually compared to empty-
vector sequences. Numbers of edited double KO plants and gRNAs efficiency for both genes
were recorded in Table 3-12 and Table 3-13.
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Table 3-12: Numbers of edited plants and type of mutations in hairy root (HR) and whole

plant (WP) double KO lines.

) mutation types
edited/ both no
lines 115 115 134 134 134
total® b e
o genes mono* bid mono* bid chimeric genes

Hairy 16/22 o 10 o

ot | (27%) 0 6 (27.3%) 0 45.5%) 0 0 6 (27.3%)

7

Whole | 20/22 9 . . 11 3 6 2
plant | (90.9%) | (40.9%) | >G*7® G 158 P 50%)  (13.6%) (73%) | (9.1%)

2The ratio equals to edited plants per total genotyped independent transgenic lines.
b The number of plants with both MYB115 and MYB134 genes mutated.

¢ Mono-allelic mutation type.

4 Bi-allelic mutation type.

¢ The number of plants with no genes mutated.

Table 3-13: Editing frequency of sgRNA1 in MYB115 gene and sgRNA3 in MYB134 gene
for edited double-KO lines.

double KO total types of mutations in types of mutations in
lines edited MYB115-sgRNA1 MYB134-sgRNA3
plantlets
none® oneallele® both alleles® none one allele  both alleles

hairy root 16 10 6 0 6 10 0
double-KO 6/16 (37.5%) 10/16 (62.5%)
whole plant 20 9 5 7 0 14 6
double-KO 12/20 (60%) 20/20 (100%)

2 No alleles were edited.
One of the two alleles was edited, and the mutation types can be either indels or large deletions.

¢Both two alleles were edited, and the mutation types can be either indels or large deletions.

3.4 Chemical and genetic characterization of hairy root and whole plant mutant
phenotypes

3.4.1 PA, flavan-3-ol, and salicinoid composition in transformed hairy root lines

To characterize the chemical phenotypes of MYB115-KO and MYB134-KO hairy roots,
PA concentrations were measured using the butanol-HCI assay. No obvious differences were

found between controls (hairy roots transformed with the empty vector) and MYB115 knock-out
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hairy roots (Figure 3-7). The PA content in one-month old hairy root was approximately 30 mg

per gram tissue dry weight. Similar results were observed in MYB134 knock-out hairy root

compared to the control lines.

40.0

PA concentration

MYB115-KO MYB134-KO

Figure 3-7: PA concentrations in transformed hairy roots with confirmed genotypes. One-
month old hairy roots for all lines were harvested and phenolics were extracted as described in
the Methods and Materials. All data points represent the means of three individual hairy root
samples. Knock-out lines were not significantly different from controls (one-way ANOVA; p <
0.05). Error bars represent SE. EV, empty vector; 115, MYB115 knock-out lines; 134, MYB134
knock-out lines.

PAs are polymers of flavan-3-ol subunits and the most common subunits in poplar
include catechin, epicatechin, epigallocatechin and gallocatechin (James et al., 2017). As these
precursors were not detectable in wildtypes by HPLC, we used UPLC-MS to quantify flavan-3-
ol subunits in each line. Epicatechin was expressed at much lower level in our tissues compared
to catechin. Therefore, we only measured the catechin level in hairy root mutants (Figure 3-8).
Catechin was identified based on its retention time, UV spectrum at 280nm as well as MS
detection compared to a catechin standard. An example trace of catechin is shown in
Supplemental Figure 3.1. No difference in catechin content was observed between control and
hairy root mutants, although substantial variability was found among hairy root individuals. This
is probably due to the uneven growth, for example, age and size might be different across all

samples, though they were propagated at the same time. Salicinoids, such as salicortin,
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tremuloidin and tremulacin, were also detected by MS detection and quantified using standards.

Hairy root lines showed substantial variability in salicinoids among individuals and none of the
hairy root lines created showed significant differences in salicinoid content compared to the

empty vector control lines (Supplemental Table 3.1).
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Figure 3-8: Catechin concentration in CRISPR mutants and control poplar hairy root
cultures. Catechin was quantified based on the UV response at 280 nm. Bars represent means +
SE of three biological replicates per line. Data were analyzed by one-way ANOVA and no
significant difference were found among these lines. EV, empty vector; 115, MYB115 knock-out
lines; 134, MYB134 knock-out lines.

3.4.2 Analysis of gene expression for key flavonoid and PA biosynthetic and
transcription factor genes in hairy root lines

To confirm the effect of the MYB knockouts on PA biosynthesis, three knock-out hairy
root lines for each construct were selected for gene expression analysis by qPCR. The expression

of four flavonoid genes as well as one MYB gene was assayed.

QPCR analysis showed a 1.21-1.57 fold change in MYB134 expression of the three
MYBI115-KO hairy root lines and only one line (115B23) was significantly affected compared to
the control (one-way ANOVA, p < 0.05) (Figure 3-9). F3’5’H1, an upstream flavonoid gene,
showed some increase in MYB115-KO hairy root lines compared to the control, but the effect

was not significant. Similar results were observed for general flavonoid pathway genes DFR2
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and PA-specific genes LAR3, and no change for ANR1 expression was observed in MYB115-

KO lines (Supplemental Table 4.1).

For MYB134-KO hairy roots, MYB115 gene expression showed a 0.55-0.85 fold change
and the effect was significant in two lines as shown in Figure 3-9B (one-way ANOVA, p <
0.01). F3°5’H1 expression was not affected in all MYB134-KO hairy roots. DFR2, LAR3 and
ANRI genes expression showed some reduction in MYB134-KO hairy roots compared to the
control, but the effect was not significant (Supplemental Table 4.1).

RT-qPCR quantification showed a pattern of flavonoid genes relative expression, though
no significant effect was found (Supplemental Table 4.1). All selected MYB115-KO lines
showed slightly higher expression level of flavonoid genes which is likely due to the increase of
MYB134 transcripts. In contrast, MYB115 transcripts declined in MYB134-KO lines, and all
flavonoid genes showed slightly lower expression. MYB expression in hairy roots was not

consistent with the results in whole plant root tissues.
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Figure 3-9: Expression analysis of MYB genes for hairy root mutants. (A) Relative
expression of MYB115 in MYB115-KO and MYB134-KO hairy roots. (B) relative expression of
MYB134 in MYB115-KO and MYB134-KO hairy roots. The bars represent means + SE of at
least three individual biological replicates per hairy root line. Asterisks represent statistically
significant difference (P-value < 0.05) between CRISPR knockout hairy root lines and empty
vector (EV) hairy roots using t-test.
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3.4.3 Phenotypes of whole plant knock-out mutants treated by high-light after
being grown in greenhouse

As in vitro plantlets typically do not accumulate measurable PAs in shoots, whole plant
mutants and controls from the greenhouse were subsequently treated with high-light stress in a
growth chamber to induce PA synthesis (Mellway et al., 2009; Gourlay and Constabel, 2019).
The treatment lasted approximately 20 days (Supplemental Table 2.1) and phenotypes of plants
were observed. All treated plants were clearly affected by the high light, showing reddish color
on top leaves (Supplemental Figure 2.1). Necrosis occurred and severely affected plants lost a
substantial number of leaves. There were differences in branch number and necroses level
between double knock-out lines and wild-type. Branch number for each plant was counted, and
necroses level of the bottom old leaves was assessed. These phenotypes were recorded
immediately at the end of the experiment. (Supplemental Figure 2.1, Supplemental Figure 2.2,

Supplemental Table 2.2).

3.4.4 Whole plant knock-out mutants show reduced tannins and tannin precursor
catechin when grown in the greenhouse

To characterize the PA phenotypes of knock-out mutants, they were acclimated in the
greenhouse. Young plants from the mist chamber were first stained for PA detection using
DMACA (4-dimethylaminocinnamaldehyde). Double-KO and MYB134-KO plants showed less
colour than MYB115-KOs and wild-types in stems and leaves, indicating less PA accumulation
(Supplemental Figure 6.1). PA concentrations were measured using the butanol HCI assay. As a
result of the experimental design and lack of plants, only leaf and root tissues were harvested for
MYB115-KO plants, while four tissues including apex, stem, leaf and root tissues were available
for MYB134-KO and double-KO plants. The tissues harvested were described in Method and
Materials. No differences were observed between wild-type and MYB115-KO mutants in roots.
By contrast, some reductions in PAs were detected in leaves for MYB115 knockouts and PA
content was significantly reduced in one line 115-A1 (ANOVA, p <0.05) (Figure 3-10A).
Similar results were observed in MYB134-KO mutants, where PA concentrations in stems and
leaves were more affected compared to apex and young roots (Figure 3-10B). Interestingly, all

double knock-out mutants showed a strong reduction of PA content in tissues including shoot
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(apex, stem, leaf) and young root (Figure 3-10C). In wild-type young roots, PA concentrations

reached between 80-90 mg tannin/g dry weight (D.W.), while double knock-out lines

accumulated only 20-40 mg tannin/g D.W., which is approximate 25-50% of the wild-type.

Stronger effects on PA reduction were observed in MYB134-KO leaves compared to those of

MYBI115-KO. For further study, we selected three knock-out lines for each construct.
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Figure 3-10: PA concentrations in different tissues for high light exposed poplar plants. PA
content in roots and leaves of MYB115-KO poplars with confirmed genotypes (A), in four
different tissues of MYB134-KO poplars with confirmed genotypes (B), and in four different
tissues of double-KO poplar (with confirmed genotypes (C) respectively. Three-month old plants
in greenhouse were treated with high light for an additional 20 days and tissues were harvested at
the same time. Phenolics were extracted as described in the Methods. The bars represent means +
SE of three or four individual biological replicates per line. Data were analyzed by one-way
ANOVA followed by Tukey’s HSD post hoc test. Different letters on the bar indicate
statistically significant differences of PA content according to Tukey’s HSD test at 95%
confidence (P-value < 0.05). Colors of bars represent different lines: wild-type plants are shown
in grey, MYB115-KO lines are shown in blue, MYB134-KO lines are shown in green, double-
KO lines are shown in yellow.
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Using similar methodology as for the hairy roots, UPLC was used to quantify the PA
precursor, catechin, in each whole plant knock-out line. In medium leaf tissues, significant
reduction (p < 0.05) in catechin content was observed between control and MYB115-KO plants,
and more dramatic effects (p < 0.001) were found between control and MYB134-KO plants as
well as control and double-KO plants (Figure 3-11A). In wild-type plants, catechin
concentrations reached between 1.2-2.0 mg/g D.W., while knock-out lines accumulated 0.1-0.5
mg/g D.W. (Figure 3-11A). In root tissues, only double-KO plants and one MYB115-KO line
were significantly affected (p < 0.05) in terms of catechin content compared to wild-type plants
(Figure 3-11A). These results for catechin match the observation for PA quantification in both

leaf and root tissues but were more marked for MYB134-KO and double-KO plants in leaves.

The other major flavan-3-ol subunit in poplar, epicatechin, which is a stereoisomer of
catechin, was quantified and found to present at a lower level compared to catechin, especially in
root tissues (Figure 3-11B). In young root tissues, epicatechin content was only reduced in
double-KO plants but the effect was not statistically significant. In leaf tissues, three double-KO
lines and two MYB134-KO lines had significantly reduced epicatechin.

Salicinoids, including salicin, salicortin, tremuloidin and tremulacin, were also quantified
based on area per dry weight. Only double-KO mutants showed significant differences in all the
four salicinoids content compared to the control plants (Figure 3-12). Opposite patterns were
observed in the two tissues analysed, as salicinoid content increased in root tissues but decreased
in leaf tissues for all double-KO plants. Salicinoid content in MYB115-KO and MYB134-KO

was not changed compared to the control plants (Supplemental Figure 5.1).
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Figure 3-11: Concentrations of PA precursors in knock-out and wild-type tissues as
determined using UPLC in high light exposed poplar plants. (A) catechin concentrations in
leaf and root tissues of MYB115-KO, MYB134-KO and double-KO plants with confirmed
genotypes, (B) epicatechin quantification in medium leaf and young root tissues of WT and
knockouts with confirmed genotypes. The bars represent means + SE of at least three biological
replicates per line. Significant differences from wild-types were determined using a one-way
ANOVA and are indicated by asterisks (*, p <0.05; **, p <0.01; *** p <0.001). Colors of bars
represent different lines, wild-type plants are shown in grey, MYB115-KO lines are shown in
blue, MYB134-KO lines are shown in green, double-KO lines are shown in yellow.
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Figure 3-12: Concentrations of key salicinoids in double-KO tissues as determined using
UPLC in high light exposed poplar plants. The bars represent means + SE of at least three
biological replicates per line. Significant differences from wild-types were determined using a
one-way ANOVA and are indicated by asterisks (*, p < 0.05; **, p <0.01; *** p <0.001).

Colors of bars represent different lines, wild-type plants are shown in grey, and double-KO lines
are shown in yellow.

3.4.5 Gene expression analysis of key flavonoid biosynthetic genes and
transcription factors in whole plant mutants

To confirm the effect of the CRISPR construct on PA biosynthesis genes, three knock-out
lines for each construct were selected for flavonoid biosynthetic gene expression analysis by RT-
qPCR. DFR (dihydroflavonol reductase) is a late flavonoid biosynthetic gene, which transforms
dihydroflavonols into leucoanthocyanidins. LAR (leucoanthocyanidin reductase) and ANR
(anthocyanin reductase) are two PA-specific enzymes. ANR converts anthocyanidins to

epicatechin, the major flavan-3-ol component of PAs, while LAR converts leucoanthocyanidins
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to catechin, a secondary flavan-3-ol precursor for PAs. As regulators of PA synthesis in poplar
leaves, MYB134 was tested in MYB115-KO lines and MYB134 was quantified in MYB134-KO

lines, respectively.

For MYB115-KO lines, qPCR analysis showed significant reduction in DFR2, ANRI1
and LAR2 compared to wild-types in leaves (Figure 3-13A), which is consistent with the
reduced PA content in MYB115-KO leaves (Figure 3-10A). By contrast, no difference was
observed for any flavonoid genes in root tissues. MYB134 gene expression was also checked in
MYB115-KO lines. MYB134 gene was downregulated 25-50% for three MYB115-KO lines in
leaves (p < 0.05), while upregulated in roots though not significantly.

For MYB134-KO lines, DFR2, ANR1 and LAR2 were significantly downregulated in
leaves (Figure 3-13B). Stronger effect of reduction for flavonoid genes expression was found in
leaves for MYB134-KO lines compared to MYB115-KO lines, which match the observation that
there was more reduction in PA content for MYB134-KO lines compared to that for MYB115-
KO lines in leaves (Figure 3-10A, B). Again, no dramatic difference was observed for flavonoid
genes in roots. MYB115 was downregulated in MYB134-KO leaves (p < 0.05) but was
upregulated in roots though the effect was not significant (Figure 3-13B). The results of
flavonoid genes expression in MYB115-KO and MYB134-KO roots are expected and match our
observations that PA content showed no change in root tissues for these lines (Figure 3-10A, B).
The upregulated MYB134 and MYB115 expression in MYB115-KO and MYB134-KO roots,
respectively, (though not significantly) may explain the unchanged flavonoid gene expression

and flavonoid concentration.

For double-KO lines, a reduction in DFR2 and ANRI1 expression was observed in leaves
(Figure 3-13C). The expression of LAR2 and LAR3 was also down-regulated, however, no
statistical significance was observed for LAR3 due to its low expression level in leaf tissues
(Figure 3-13C). The expression level of LAR3 and ANR1 correlated with the quantification of
catechin and epicatechin respectively in double-KO leaves (Figure 3-11A, B). In roots, LAR2
and LAR3 were downregulated (p < 0.05), while DFR2 and ANR1 expression was not affected
(Figure 3-13C), which match the reduced catechin and unchanged epicatechin in root tissues for
double-KO lines (Figure 3-11A,B). The results of flavonoid gene expression in leaves and roots

were consistent with reduced PA content in both tissues for double-KO lines (Figure 3-10C).
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Figure 3-13: Expression analysis of MYB115-KO, MYB134-KO and double-KO plants
treated by high-light. Relative expression of key flavonoid genes and MYB genes in MYB115-
KO (A), MYB134-KO (B) and double-KO (C) leaves and roots as quantified by qPCR. After
exposing plants to high light stress for 20 days, tissue was harvested and RNA was extracted and
prepared for qPCR as described in the Methods. Transcript levels were determined using qPCR
and were normalized against housekeeping genes (EF1-f and actin) as outlined in the Methods.
Error bars indicate SE, at least three biological replicates per line were analyzed. Data were
analyzed by one-way ANOVA followed by Tukey’s HSD post hoc test. Different letters on the
bar indicate statistically significant differences of PA content according to Tukey’s HSD test at
95% confidence (P-value < 0.05). Colors of bars represent different lines, wild-type plants are
shown in grey, MYB115-KO lines are shown in blue, MYB134-KO lines are shown in green,
double-KO lines are shown in yellow. blg, below limit quantification.

3.5 Disc diffusion assay for testing inhibitory effects of purified PAs and catechin
on Armillaria sp. and Laccaria bicolor

To test the toxicity of PAs and catechin on fungi in vitro, hyphal inhibition by PAs and
catechin was tested through disc diffusion assays using the pathogens Armillaria (sinapina &
ostoyae) and the ectomycorrhizal fungus Laccaria bicolor. Hyphal inhibition was assessed by
measuring the zone of inhibition surrounding each disc with the compounds at different
concentrations after an incubation of 48h. Armillaria growth was inhibited by the positive
control hygromycin as shown by arrows in Figure 3-14 B. However, no hyphal inhibition was
observed for any of the Armillaria isolates tested with PAs/catechin concentration between 50 to

400 pg/disc after a 48h period compared to the negative control 100% methanol (Figure 3-
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14A,B). The concentration was increased to 500, 800 and 1000 pg/disc and procedure was

repeated. Again, no obvious inhibition was observed (Figure 3-14A,B).

Slight inhibition was observed with disc assays in L. bicolor. Mycelial growth was only
slightly affected when discs were treated with low PA concentrations at 50 and 100 pg/disc but
was strongly inhibited at 200 and 400 pg/disc (Figure 3-15A). The positive control hygromycin
exerted a slight inhibition towards the L. bicolor fungus colony compared to the negative control
100% methanol (Figure 3-15A), but the inhibition was not as strong as in Armillaria. Catechin
disc assays in L. bicolor showed strong pigment around the discs, but no inhibition effect was

observed (Figure 3-15B). The inhibition zone was measured as shown in Figure 3-15C.



A. PA Disc Assays

W,
Hela oy
XY17_054, A. sinapina

oS N80 g

MeOH

PAs
A (so0ug)

PAs
(1000ug)
PAs (800ug)

*elgrze 4

XY17_006, A. ostoyae

B. Catechin Disc Assays

G

MeOH

XY17_054, A. sinapina
(e :‘:‘\?"\"5'57.

MeOH

Catechin
- (500ug)

XY17_048, A. sinapina

MeOH

PAs
~ (500ug)

PAs
(1000ug)

9% PAs (800ug)
o,
M35 4

STEMS_0S, A. ostoyae

MeOH

STEMS 65

MeOH

Hygrom
(25ug)

Catechin
(50ug)

Catechir
(400ug).

)

XY18_02_C1, A. sinapina

MeOH .

PAs
(500ug)

PAs (800ug)

ey oz

XY18_06_C1, A. ostoyae

PR

Hygromycin

(50ug) Catechin

(50ug)

Catechin
(100ug)

Catechin
(200ug)

Y%/ /2020

XY18_02_C1, A. sinapina

- sD -9 D >
P ‘-?!)"‘?
PG
/o MeOH

(500ug)

e N\
“:;, .l »
(1 Catechin

L (200ug) \
O;:'mln Catechin Catechin
(800ug) (100ug) i (800ug)
“ac [Rylo ankesi? cF/o3/30 & f‘d"ﬂﬂ

XY17_006, A. ostoyae

STEMS_O5, A. ostoyae

XY18_06_C1, A. ostoyae

67

Figure 3-14: Disc diffusion assay to evaluate hyphal growth inhibition. Colonies of 4.
sinapina and A. ostoyae treated by purified PAs discs (A) and catechin discs (B). Each plate
contained a disc with methanol only control. Six different isolates collected from different
locations in BC were tested, including three A. sinapina isolates (XY 17 054, XY 17 048,
XY 18 02 Cl) and three A. ostoyae isolates (XY 17 006, STEMS 05, XY18 06 Cl1).
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Figure 3-15: Disc diffusion assay to evaluate hyphal growth inhibition of L. bicolor by
purified PAs. (A) PA disc assay, (B) catechin disc assay, (C) inhibition zone measurement. Each
plate contained a disc with 25 ug hygromycin and methanol only control. Red arrows point out
the edge of L. bicolor mycelium. The bars represent means + SE of inhibition zone radius in
three repeated PA disc assay. Data were analyzed by one-way ANOVA followed by Tukey’s
HSD post hoc test. Different letters on the bar indicate statistically significant differences of PA
content according to Tukey’s HSD test at 95% confidence (P-value < 0.05).

3.6 Bioassays of roots with fungi via sandwich co-culture system between in vitro
poplar roots and mycorrhizae L. bicolor.

In collaboration with Simon Petley, Constabel Lab Honours student, I tested the co-
culture method by Felten ef al. (2009) in order to explore interactions of poplar roots with

mycorrhizae L. bicolor. 1 first adapted the method to pathogens Armillaria and attempted to
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quantify infection with the inoculated poplar roots. However, the staining method for Armillaria
failed to detect any hyphae, due to unmatched fluorescent stereoscope laser or filter. I also tested
the specificity of qPCR primers for housekeeper genes in both poplar and Armillaria genome.
Genomic DNA was extracted from Armillaria mycelium and poplar roots respectively using
DNeasy Plant Kit and I succeeded to amplify Armillaria housekeeping gene EF'la, which was
specific to Armillaria and could not be amplified from poplar genomic DNA (Supplementary
Figure 7.1). A poplar actin gene was also tested and was not found in products amplified from
Armillaria genomic DNA (Supplementary Figure 7.1). This result confirmed the specificity of

these two genes as well as the qPCR primers.

The sandwich inoculation between poplar hairy roots and mycorrhiza was successfully
set up and ectomycorrhizal formation was observed under the stereo microscope. Infected root
tips were distinct from uninfected ones in morphology, where infected root tips appeared to be
round and brownish and were easily distinguished from normal roots under the microscope
(Figure 3-16). To quantify ectomycorrhizal formation, mycorrhizal root tips and total root tips
were counted under the stereo microscope. The ratio of infected roots per total root tips was
further calculated and the ratio of double-KO inoculated roots was compared to the wild-type

inoculated roots (Figure 3-17).
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Figure 3-16: In vitro model system for poplar—L. bicolor ectomycorrhizal symbiosis. (A) The
in vitro co-culture system for ectomycorrhizal symbiosis between poplar plantlets and L. bicolor
(B) non-inoculated poplar roots, (C) uninfected inoculated poplar roots, (D) infected inoculated
poplar roots with ectomycorrhizal formation. Red arrows point out the ectomycorrhizal root tips.
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Figure 3-17: Ratio of colonized root tips to total root tips in poplar transgenic lines and
wild-types. After inoculation with Laccaria bicolor for three weeks, the root tips of each plantlet
were visually identified as colonized (mycorrhizal) or non-mycorrhizal. Different letters on the
box represent statistically significant differences (P-value < 0.05) between the mean ratio of
colonized to total root tips among all lines as determined by one-way ANOVA and followed by
post-hoc Tukey’s test. The number of biological replicates for each line are displayed as closed
points (n>4 for each).
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Chapter 4: Discussion

4.0 Summary of key results

This study explored the regulation of MYB115 and MYB134 in PA biosynthesis by
creating CRISPR knockouts. Genotyping analysis of CRISPR knockouts showed high editing
efficiency. Different mutation types were found in knock-out lines, including monoallelic,
biallelic and chimeric mutations. Small indels were detected as the most common mutations and
large deletions between two target sites were also found in several lines. No obvious phenotypes
were found in knock-out hairy roots. In whole plant knockouts, CRISPR disruption of MYB115
and MYB134 caused the greatest reduction of PA in leaves. In contrast, only double-KO whole
plants showed a reduction of PA in roots. Single-KO whole plants displayed no difference in PA
content in root tissues. The same trend was found with catechin content. All the single-KO lines
synthesized low levels of epicatechin, but only double-KO and MYB134 KO lines showed
reduced epicatechin in leaves. Interestingly, salicinoid content was altered but only in double-KO
lines, with higher concentrations in roots and the opposite trend in leaves. QPCR analysis of key
flavonoid gene expression showed consistent results, and key flavonoid genes were down-
regulated in leaves but not changed in roots. In root tissues, only LAR2 and LAR3 were down-

regulated in double-KO whole plants.

4.1 MYB115 and MYB134 sequences in P. tremula x alba 717-1B4 and P. tremula %
tremuloides 353-38 genotype show slight differences compared to genome
databases

Because of the frequent occurrence of SNPs in the highly heterozygous poplar genome,
the sequences of MYB115 and MYB134 genes were confirmed and aligned to the sequences
obtained from Popgenie and AspenDB genome databases. Sequences from P. tremula * alba
717-1B4 background matched with AspenDB sequence data (Figure 3-2). Sequences from P.
tremula % tremuloides 353-38 background mostly matched with Popgenie, but several SNPs did
not match, and new SNPs were found within exon regions of the genes (Figure 3-1). A study of
poplar CRISPR knockouts assessed the SNP interference of gRNA specificity and found that the
CRISPR/Cas9 system is highly sensitive to SNPs (Zhou et al., 2015). Zhou and colleagues
designed three gRNAs for the 4CL gene, two of which were without SNPs, and one contained
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one SNP in each allele. This study showed that the cleavage for the third 4CL gene was

abolished, with no editing events detected due to the single SNPs in the target sequence. To
achieve efficient genome editing, gRNA design should ensure the absence of SNPs. Hence,
updated MYB115 and MYB134 sequences were used to select SNP-free pre-designed gRNAs as
target sites for CRISPR Cas9.

4.2 Editing efficiency of CRISPR Cas9 in poplar

For both MYB115 and MYB134 genes, | obtained high percentages of edited hairy roots
as well as edited whole plants. Editing efficiency (all mutation types including monoallelic,
biallelic and chimeric mutation types) for knock-out hairy roots was between 82.4-92.3%, while
the editing ratio for whole plant mutants was 75 - 100%. Despite the high editing efficiency, only
30.8-35.3% of all transgenic events led to biallelic mutations in hairy root lines. A few mutants
were monoallelic and some were chimeric. Some lines were mutated with one large deletion,
while no homozygous mutations were found. As expected from the CRISPR/Cas9 system, we
found not only short deletions and insertions, but also very large deletions between two gRNAs,
though it was difficult to get chromosomal fragment deletions in both alleles. An advantage of
the CRISPR/Cas9 system is the capacity of Cas9 to create large deletions between two target cut
sites, which was also demonstrated in petunia transgenic plants and eucalyptus hairy roots

(Zhang et al., 2016; Dai et al., 2020).

No homozygous mutations were detected in any transgenic lines, which was unexpected
especially when compared to other studies in poplar. For example, a study by Fan et al. (2015)
applied CRISPR in Populus tomentosa Carr. and targeted genomic sites for the phytoene
desaturase gene 8 (PtoPDS). Although they only obtained a total mutation rate of 51.7%, 93.2%
of the edited plants were homozygous mutants, and only 6.7% were heterozygous mutants (Fan
et al., 2015). A study by Elorriaga et al. (2018) used the CRISPR/Cas9 system to alter the
flowering related gene PLFY with two sgRNAs in poplar 717-1B4 and 353-53 and found a high
knockout rate (with both alleles altered) in both clones (77.0% and 69.7% respectively). This
study also found that small indel mutations were prevalent among mutated alleles of events when
only one sgRNA was present, while large deletions were prevalent among alleles targeted by two

sgRNAs (Elorriaga et al., 2018). Homozygous mutations were found to be around 10-20% of
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total events with both alleles altered (Elorriaga et al., 2018). Similar editing rates were found in
rice, where 54.9% biallelic, 24.7% homozygous, 5.8% heterozygous (monoallelic) mutations and
only one chimeric mutation were detected (Ma et al., 2015). Another paper tested 11 target genes
in two rice subspecies, and found that the most abundant TO genotype was chimera (40.4%), as
well as 10.5% homozygotes (Zhang et al., 2014). This research further genotyped the next
generation (T1) and found no detectable new mutations or reversions (Zhang et al., 2014). These
studies suggest different editing efficiency and variable mutation types among species and
different genes. Our poplar knockouts showed high editing efficiency and high ratio of biallelic
mutants, which is comparable to other studies. However, the complete lack of homozygous

mutation is uncommon in other experiments.

Based on the differences observed between the MYB115- and the MYB134-edited
mutants, the editing efficiency of CRISPR/Cas9 system appeared to be both gene- and gRNA-
dependent. This might be due to factors including cell type and phase of the cell-division cycle
(branching/proliferation of hairy roots). This might also indicate that the Cas9 capacity may be
different in these two backgrounds. Therefore, we also compared the efficiency of Cas9 in two
backgrounds of hybrid poplars and hairy roots generated in hybrid 7171-B4 which seemed to
have more chimeras than whole plants generated in hybrid 353-38. The study by Elorriaga et al.
(2018) obtained high knockout rate in poplar 717-1B4, suggesting that different hybrid
backgrounds may not be the major factor for editing efficiency. The hairy root system may affect
the editing efficiency, however. The low ratio of biallelic mutations and the high occurrence of
chimeras in poplar hairy roots were unexpected when compared to hairy roots system in other
species such as soybean, tomato or chicory, where high frequencies of biallelic mutations and
low number of chimeras were reported in general (Ron et al., 2014; Cai et al., 2015; Jacobs et al.,
2015; Sun et al., 2015; Bernard et al., 2019). The yields for double-KO lines were different in the
whole plant and hairy root system. Though editing efficiency was high, no hairy root lines were
mutated in both MYB genes. It was also difficult to obtain double-KO whole plants with both
genes mutated and biallelic mutations for each gene. The low yields suggest that knocking out

both MYB genes may have an influence on plant development which results in low vitality.

In addition, more indels were identified within exon2 of MYB115 gene and exon3 of
MYBI134 gene than that in exonl of either MYB gene. These results suggests that the gene
editing efficiency may be also influenced by the properties of the two paired gRNAs as well as
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the location of the target sites within the coding sequences. A recent paper revealed that the
structure of gRNA, including GC content, purine residues in the gRNA end, and the free
accessibility of its seed region seemed to be relevant to genome editing efficiency, based on

studies of nine different poplar genes (Bruegmann et al., 2019).

4.3 Biochemical and gene expression analysis of MYB115 and MYB134 single
knock-out as well as double knock-out plants reveals that the transcriptional
regulation of PA synthesis may differ in leaf and root tissues

The biochemical and genetic phenotypes of knockouts differed in leaves and roots,
suggesting that MYB115 and MYB134 are important regulators of PA pathway in both tissues
but with some differences. In leaves, single-KO lines and double-KO lines all showed a
reduction in PA content, but a stronger effect was observed in double-KO and MYB134-KO
lines compared to MYB115-KO lines (Figure 3-10). The stronger effect was also supported by
leaves qPCR data in MYB134-KOs compared to MYB115-KOs (Figure 3-13A, B). This
indicates that MYB134 is more important than MYB115 for regulating PA biosynthesis in
leaves. In roots, double-KO lines showed a reduction in PA content while no change was
observed in PA content of single-KO lines (Figure 3-10). This result demonstrates that MYB115
and MYB134 work together in regulating PA pathway in roots. The PA concentration was only
reduced by one-half in roots and leaves of double-KOs. The remaining PA suggests the existence

of other PA regulators.

The trends in catechin accumulation showed a reduction in all knock-out leaves and a
reduction only in double-KO roots (Figure 3-11A), which is consistent with the PA data (Figure
3-10). QPCR analysis showed significantly down-regulated DFR2 in leaves for all knock-out
lines. As DFR is a late flavonoid biosynthetic gene, this result matches the reduction of PA
content in leaves. The LAR and ANR expression data on qPCR (Figure 3-13) mostly correlated
with differences in catechin and epicatechin quantification. LAR and ANR are required for
producing the PA precursors catechin and epicatechin, respectively. QPCR quantification
showed significant reduction in ANRI1 expression level in leaves for all knockouts (Figure 3-13).
However, only double-KO lines and two MYB134-KO lines contained significantly reduced
epicatechin in leaves (Figure 3-11B). MYB115-KO lines showed no change in epicatechin

concentration which is not consistent with the down-regulated ANR1 expression (Figure 3-13A).
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In parallel, all knock-out lines showed dramatically reduced catechin concentration in leaves
(Figure 3-11A), which did not match the unchanged LAR3 gene expression level in MYB115-
KO and MYB134-KO leaves (data not shown). The expression of LAR3 was down-regulated in
double-KO leaves though the effect was not statistically significant. Due to the low expression
level of LAR3 in leaf tissues, LAR3 might not be the major enzyme for catechin synthesis.
Therefore, I also checked LAR2 expression. LAR2 was down-regulated in leaves for all knock-
out lines (Figure 3-13), which can explain the reduction of catechin (Figure 3-11A). Catechin
content was also reduced in double-KO root tissues, which matches the significant decrease of
LAR2 and LAR3 expression in roots (Figure 3-13C). No significant difference in catechin
concentration was found in roots of MYB115-KO and MYB134-KO plants (Figure 3-11A). This
is consistent with the lack of difference in qPCR analysis for LAR genes (Figure 3-13).
Likewise, no significant changes in epicatechin concentrations were found in roots of any
knockouts (Figure 3-11B). This corresponds to the unaffected ANR1 gene expression level in
roots (Figure 3-13).

Interestingly, the salicinoid pathway was affected in double-KO lines, since salicinoids
increased in roots and decreased in leaves. These opposite trends indicate that the regulatory
pathways by MYB115 and MYB134 are quite different for above- and under-ground tissues.
Reduced salicinoid content was also observed in MYB115 and MYB134 overexpressors leaves
(James et al., 2017), which might be due to the induction of repressor MYBs, as the
overexpressors of repressor MYB165- and MYB194 show a strong reduction in salicinoid
content in leaves (Ma et al., 2018). The increased salicinoids in double-KO roots might be due to
the decreased repressors, while the decreased salicinoids in double-KO leaves were unexpected.
Hence, the expression levels of repressor MYBs should be quantified in knock-out lines in future

experiments to help explain the change in salicinoids.

4.4 The functional interaction of MYB115 and MYB134 in regulating PA
biosynthesis

Our previous study by James et al. (2017) found that both MYB115 and MYB134
activated their own and each other’s promoters, demonstrated by in vivo transient expression

experiments. Microarray data and transcriptome data also suggested positive and negative
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feedback loops in the regulation of PA biosynthesis (James et al., 2017; Ma et al., 2018). In

overexpressing lines of MYB115 and MYB134, induction of MBW cofactors and MYB
repressors occurred simultaneously. To determine to what extent the functions of MYB115 and
MYB134 overlap, MYB134-RNA! lines and CRISPR mutants were established (Gourlay et al.,
2020). Surprisingly, MYB134-RNA.i lines showed a significant downward change for MYB115
expression in leaves (Gourlay et al., 2020). Similarly, the MYB134-KO lines showed
dramatically decreased MYB115 expression in leaves (0.07-0.12 fold, p < 0.05). These results
suggest that MYB115 was partly regulated by MYB134, as predicted by our model (James et al.,
2017). By contrast, MYB115 was more strongly expressed in MYB134-KO roots, though not
significantly, perhaps due to a compensation mechanism for PA regulation. A similar result was
seen in MYB115-KOs, where MYB134 was down-regulated in leaves (0.4-0.7 fold, p < 0.05),
while up-regulated in roots (though not significantly). Therefore, when knocking out one MYB
gene, the other MYB can be induced in roots but down-regulated in leaves. These opposite
behaviour in the expression of the other MYB gene in MYB-KOs revealed the complex
relationship between MYB115 and MYB134 genes, and the relationship differs in leaf and root

tissues.

Leaf PA content was generally more affected than root PA in all the knock-out lines.
Additionally, young roots accumulate more PAs than old roots (Westley, 2015), and roots
accumulate more PAs than shoots (Figure 3-10). This suggest that in roots, PA might be
controlled by additional developmental genes in addition to the stress responsive MYB115 and
MYBI134. The repressor MY Bs could also be part of this developmental regulation in roots
where one KO led to the upregulation of the other MYB. To test if repressor MYBs are involved
in root PA regulation during development is a direction for future experiments. MYB115 was
found to be expressed at a very low level in poplar leaf and root tissues, compared to MYB134
(James et al., 2017). Thus, other transcription factors may also be important in root PA
regulation. For example, a recent study by Li et al. (2022) characterized a CCCH type
transcription factor, PuC3H35, which positively regulates the expression of genes involved in PA
and lignin biosynthesis as a response to drought stress in the roots of Populus ussuriensis.
Although PuC3H35 is also expressed in leaf veins and stems, it is mostly expressed in roots as

the drought stress affects root the most and starts from roots. Therefore, drought stress
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responsive PuC3H35 might be one of the regulators for root PA synthesis and interact with

MYBs as well.

The relative expression level of MYB115 in roots was at the same level compared to that
in leaves, while the relative expression level of MYB134 in roots is much lower than in leaves
(James et al., 2017). MYB134 was expressed at higher levels and showed more effects on PA
levels in leaves when being knocked out, while MYB115 was expressed at low levels in wild-
type and has fewer influences on PA levels in leaves when being knocked out. Therefore,
MYB134 may be the primary driver of PA synthesis in leaves. When it comes to roots, the other
MYB can be induced as compensation when knocking out one MYB gene, perhaps explaining
the lack of change of root PA. However, when knocking out both MYBs, root PA was affected,
though the effect was small compared to leaves. This observation indicates that these two MYBs
have redundant functions in leaves and roots, and they may be equally important for PA
synthesis in root tissues. In either tissue of double-KO plants, there are still lots of PAs,
suggesting there must be other transcription factors. A PA regulatory pathway network was
described in a tentative model (Figure 4-1). In summary, PAs are synthesized at different

concentrations in leaves and roots, and they are regulated differently.

[Developmenta
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.o factors @
? @ "? I y

Proanthocyanidin Proanthocyanidin
Leaf synthesis Root synthesis
Figure 4-1: A tentative model for PA regulatory network for leaf and root.
Some models have been supposed that the effects of MYBs are synergistic rather than
additive, such as the transcriptional network of AtTT2/MYB5/MYB23 regulating the

biosynthesis of mucilage, tannin, jasmonic acid and wax (cuticle) via multiple tiers of regulatory
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hierarchy in Arabidopsis (Li et al., 2020). Other examples include the model of VVMYBPAI,

VvMYB5a and VVMYBS5b regulating PA biosynthesis in developing grape berries (Deluc et al.,
2008), and the mysterious interaction among MtMYBPAR, MtMYBS5 and MtMYB14 in M.
trunculata (Liu et al., 2014). In summary, the relationship and interaction between TT2-type

(MYB134) and PA1-type (MYB115) MYB activators still needs more work to integrate.

4.5 Phenotypes of double knock-out plants suggest phytohormone profiles or
sugar availability change

The physical phenotypes of double-KO lines were distinct from wild-type plants, while
single-KO lines showed no differences. Double-KO lines had a number of branches sprouting
from the middle of the stem and more severe necrosis was found on double-KO bottom leaves.
To control branch number, the growing shoot apical meristem inhibits the growth of axillary
buds further down the stem by producing auxin. This phenomenon is known as apical dominance
(Phillips, 1975). If the apical meristem is removed (decapitated) or auxin is removed from the
terminal bud, the dormant axillary buds become activated and can develop into branches. Shoot
branching is controlled by complex interactions among hormones, nutrients, and environmental
cues. Plant hormones including auxin, strigolactones, and cytokinins (CKs) are involved in the
regulation of bud outgrowth (Ferguson and Beveridge, 2009). Auxin upregulates strigolactone-
biosynthesis genes and represses CK-biosynthesis genes in the stem, mediating the branching
inhibition (Tanaka et al., 2006; Dun et al., 2012; Saeed et al., 2017). There is evidence that
flavonoids (such as kaempferol and quercetin) can modulate auxin transport, which is tissue
specific occurring at the root and shoot apices (Peer et al., 2004; Peer and Murphy, 2007).
Absence of flavonoids can enhance auxin transport from shoot apex to root tip and excess
flavonoids can inhibit polar auxin transport (Peer et al., 2004). This mechanism may explain the
branch phenotypes in double-KO plants with reduced flavonoids. Sugars also play an important
role in the induction of shoot branching in several species, including Rosa sp., leafy spurge
(Euphorbia esula L.) and pea (Pisum sativum L.) (Girault et al., 2010; Rabot et al., 2012; Barbier
et al., 2015; Chao et al., 2016; Barbier et al., 2019; Bertheloot et al., 2020). Plants response to
decapitation by releasing signaling regulators, such as sugar, that moves from the leaf to the
lateral bud (Mason et al., 2014; Fichtner et al., 2017). A study on potato (Solanum tuberosum L.)

indicate that sucrose promotes bud outgrowth through cytokinin (CK) -induced vacuolar
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invertase, an enzyme that contributes to sugar sink strength (Salam et al., 2021). Hence, auxin
and sugar availability can control stem branching. The phenotypes of more branching in our
double-KO lines indicate a profile change in phytohormone or sugar mobilization in shoots
which needs further evidence. This change might be due to the reduction in PA pathway, and the

extra carbon flowing into sugar transport, metabolism, and signaling.

We observed more severe necrosis in double-KO plants which is consistent with previous
studies. High-PA transgenics showed lower rates of leaf necrosis as well as a delay in necrotic
development compared with wild-types during drought stress (Gourlay et al., 2022). By contrast,
MYB134-RNAIi plants showed more rapid necrosis compared to controls during drought stress
(Gourlay et al., 2022). The severe necrosis might be due to the negative oxidative effects of
abiotic stresses, including high-light stress. This process was aggravated by the reduction of PA
in double-KO leaves, as PAs serve as cellular antioxidants in poplar leaves (Gourlay et al.,

2022).
4.6 PAs effect on Armillaria and L. bicolor in vitro and in vivo

The disc assay on two types of fungi in vitro showed that high concentration of PAs can
inhibit fungal-L.bicolor growth but have no effect on the pathogen fungus Armillaria. This
opposite effect suggests the specificity of PAs antimicrobial function towards fungus species.
However, the concentration of PAs on the disc may not be comparable to root PA concentration
as a result of the complicated distribution of PAs in root zones. The antifungal function of PAs in
roots needs more evidence from co-culture inoculation assay in vivo. However, a tissue culture
assay still lacks a real soil environment with rhizosphere microbial diversity, which might reveal
the actual function of PAs in root. So far, no significant changes in mycorrhizal formation among
wild-types, OE and KO lines were observed in preliminary co-culture sandwich assay between

poplar roots and mycorrhiza L. bicolor.

PAs serve as not only antimicrobial agent but may also be a carbon source for L. bicolor
during beneficial interaction (unpublished data from Dr. Felten’s Lab, Umea Plant Science
Center). Mycorrhiza can induce polyphenyloxidase (PPO) in plants leading to tannins
degradation. For example, tomato plants inoculated with arbuscular mycorrhizal fungi (AMF)
and plant growth promoting rhizobacteria (PGPR) induced potent activity of phenolics and
defensive enzymes including PPO (1.35 fold) (Sharma and Sharma, 2017). Another study on
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inoculation of chickpea with AMF significantly increased PPO activities compared with non-
inoculated chickpea (Sohrabi et al., 2012). It seems that the fungus can use the existing tannins
(probably from the epidermal layer of young roots) as a carbon source, as mycorrhiza are thought
to remove PAs and degrade pectin to penetrate between the apoplastic space during early stages
of ECM colonization. Transcriptome data also revealed that PA genes in mycorrhizal roots are
downregulated when compared to uncolonized roots (unpublished data from Dr. Judith Felten

Lab, Umea University, Sweden).
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Chapter 5: Overall Conclusions and Future Directions

This study confirmed the sequences of MYB115 and MYB134 genes and found new
SNPs compared to genome databases. MYB115 and MYB134 genes were knocked out in poplar
using CRISPR/Cas9 technique to explore the regulation and function of PA biosynthesis,
particularly in roots. High editing efficiency was seen in CRISPR knockouts and mutation types
varied among mutants. No obvious phenotypes were observed in knock-out hairy roots.
MYB134 was more likely the primary driver of PA synthesis in leaves. When knocking out one
MYB gene, the other MYB was induced as a compensation in roots. CRISPR disruption of
MYBI115 and MYB134 together did lead to significant reduction of PA in leaves, however, root
PA was less affected, suggesting the redundant functions of two MYBs in leaves and roots. The
opposite trends in salicinoid content of double-KOs as well as the opposite trends of the other
MYB gene expression in single-KO leaves and roots indicate that the regulatory pathways by
MYBI115 and MYB134 are quite different for above- and under-ground tissues. The remaining
PAs in either tissue of double-KOs revealed the present of other regulators as well as the
complex relationship between MYB115 and MYB134 genes in different tissues. Double-KO
plants were the only lines showing phenotypes (more branches and necroses), suggesting a

connection between PAs and development.

This study successfully applied CRISPR Cas9 system to generate targeted mutagenesis in
the genome of poplar and demonstrated high editing efficiency of this system in poplar based on
genotyping results. Though biallelic mutation rates could be improved, the hairy root system is
an efficient system to quickly screen the knockouts and estimate the editing efficiency.
Generating stable whole plant mutants is also a powerful tool to functionally characterize genes
for research. The knockout plants of MYB115 and MYB134, both regulators of the PA pathway
in poplar, help explain the regulation of PA biosynthesis in poplar leaves and roots. This study
further consolidates the regulatory network of flavonoids and PAs and adds more information to
the positive and negative interactions among transcription factors based on phenotypes of MYB
overexpressors and RNAI lines. This project also provides preliminary insight into the functions
of PAs in roots, organs which accumulate large quantities of PAs. Though PAs function in roots
has only been studied superficially, the in vitro assays pave a way to testing their role in

underground interactions by using the knock-out lines created here.
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Although my work has shown that the regulatory pathways by MYB115 and MYB134

are quite different for above- and under-ground tissues, there are still a few questions left to be
answered. Future research could try different environment stress instead of high-light treatment
to induce PA accumulation in leaves. Experimental design should also contain untreated lines to
check the baseline of PA content in shoots and should include more replicates for each line.
Transcriptomes in different tissues would be necessary to check the expression level of important
genes, including MYB repressors, sugar availability relevant genes, phytohormone genes as well
as developmental relevant genes. Other transcription factors would also be worth investigating as
there might be a redundancy for the regulation of PA biosynthesis, in particular in poplar roots.
As the salicinoid pathway was also affected in double-KOs, analysis of salicinoid biosynthetic
genes should be considered as well. The species L. bicolor would be a good choice for this work
as a recognized model species for the study of host-plant interactions (Felten et al., 2009).
Hence, inoculation of poplar roots by fungus in the soil environment would be illuminating.
Additionally, the quantification of root infection by staining or gPCR would be more accurate

and would explain the interaction between poplar roots and rhizosphere fungus.
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Appendix 1
Supplemental Table 1.1: List of primers for MYB115 and MYB134 cloning and
sequencing.
Amplicon name Forward primer (5’-3) Reverse primer (5’-3’) ﬁ;::::?;p) Tm (°C)
MYB115_exon1 gﬁiééGGGCAGATAGGAA géAACAGTTTCAAGTGCT 563 53
MYB115_exon2 g_ll-_\;_l'gTGACCTATCTCTCACC ﬁ'g_g'cl;(éATACCAGAAGTG 777 €0
MYB134_exonl gi((:i((:ZTATAAAAGGGGAATA igg;’_(éCAGCTATTAAAG 757 58
MYB134_exon3 gLCG'I;I'GAGACCGGACATCAA I‘(I;iLCGGTCAATGTCTCATC 303 59

Supplemental Table 1.2: List of primers for CRISPR constructs.

Primer name

Sequence

35SSpel_MtUGF

CGTGCTCCACCATGTTGGGAATGCCTATCTTATATGATCAATGAGG

Apal_ScaffoldR

GTGCTCCACCATGTTGGGCCAAAAAAAGCACCGACTCGGTG

Swal_MtU6F

GATATTAATCTCTTCGATGAAATTTATGCCTATCTTATATGATCAATGAGG

Spel_ScaffoldR

GTCATGAATTGTAATACGACTCAAAAAAAAGCACCGACTCGGTG

UNS1_MtU6F

CATTACTCGCATCCATTCTCATGCCTATCTTATATGATCAATGAGG

UNS1_ScaffoldR

GAGAATGGATGCGAGTAATGAAAAAAAGCACCGACTCGGTG

Supplemental Table 1.3: List of primers for qPCR analysis.
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Gene (Potri number) Forward primer (5’-3’) Reverse primer (5’-3') Amplicon (bp) | Tm (°C)
EF1b AAGAGGACAAGAAGGCA | CTAACCGCCTTCTCCAAC 145 53
(Potri.001G224700) GCA AC

Act CCCATTGAGCACGGTATT | TACGACCACTGGCATACA 935 56
(Potri.001G309500) GT GG

MYB115 GGATTGTGATAATGGGGT | GTGACTCGGTGAAGGAG 185 58
(Potri.002G173900) TGCC TTT

MYB134 GGACACTGGAATGAGTTT | ATGTGCCAAAGATTCCAA 183 60
(Potri.006G221800) CAA GTC

F3'5'H1 GCAACGGCTCATGAACGC | ATGCTCGAGGAAGTGTC 152 60
(Potri.009G069100) AAGG AGTGC

DFR2 CCAAGACTTTAGCAGAGC | TGTTAGCATCATCCGAGT 282 53
(Potri.002G033600) A TG

ANR1 GCTACCCTGCCTCCAAGA | CGTGCGTGATTGAGATC 278 58
(Potri.004G030700) CA GAGCC

LAR2 ATGAACGAGCTTGCTTCT | GCCCACATCCTTTTTACTG 501 60
(Potri.010G129800.1) TTGTG TCCT

LAR3 CCTCGAATGTGGCCACCC | GCTATGCTTGCACCACCA 501 58
(Potri.015G050200) CAC ACAGC




Appendix 2

Supplemental Table 2.1: Growth chamber conditions.

Temperature

18-26°C

Day length

16h (7am - 23 pm)

Light intensity (umol m 2 s™})

lday - 5day: 600

6day - 20day: 1000
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Supplemental Figure 2.1: Plants in high-light growth chamber. Plants on the first day (A), at
the first stage Day 3 (B), and at the second stage Day 15 (C).
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Supplemental Figure 2.2: Phenotypes of double knockouts and wild-type plants treated by

high-light for 20 Days. (A) Branches?, (B) Necrosis level.

Double KO lines
Lots of branches

Wildtype

Very few necroses More necroses

? Red arrows point out the branches outgrown from stems of double-KO lines.




Supplemental Table 2.2: A summary of branch number and necrosis level for double
knock-out plants and wild-types.

necrotic necrotic

lines leaves? level® branches® length®
WT 4 1 0 0
WT 2 1 0 0
WT 4 1 3 5
WT 3 1 5 4.5
d-A 10 3 11 15
d-A 9 2 11 16
d-A 9 3 9 16
d-A 8 3 6 6.5
d-B 9 3 4 12.5
d-B 11 3 8 17
d-B 7 2.5 10 12.5
d-B1 7 2.5 11 16.5
d-B1 7 3 11 13.5
d-B1 6 1 10 13.5
d-B2 9 2 0 0
d-B2 7 2 4 13.5
d-B2 6 1 0 0
d-B2 7 2 0 0
d-B7 7 2.5 6 13
d-B7 3 1 9 17
d-B7 7 2 12 16
d-B7 11 3 0 0
d-E 5 1 0 0
d-E 6 1.5 1 6
d-E 7 1.5 4 8.5

 Total number of necrotic leaves counted from bottom.

® Necroses level. 1 represents lowest (<5%), 1.5 represents low (~ 10 %), 2 represents medium
(~30 %), 2.5 represents high (~50%), 3 represents severe (almost 70% of leaf area covered).

¢ Total number of branches outgrown from stems.

4 The average length of branches. Values are represented as cm.
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Supplemental Figure 2.3: Branch number and necrosis level for double knock-out plants
and wild-types. The bars represent means + SE of three or four individual biological replicates
per line. Data were analyzed by one-way ANOVA followed by Tukey’s HSD post hoc test.
Different letters on the bar indicate statistically significant difference according to Tukey’s HSD
test at 95% confidence (P-value < 0.05).
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Supplemental Figure 3.1: UPLC analysis of soluble phenolics from wild-type poplar plants.
These peaks are identified by UV spectra at 280nm (shown in green colour, panel A-C) and MS
profile (not shown) of representative standards and quantified in all knock-out lines. Negative

ionization mode is shown in red colour (panel D).

8: Diode Array
A 341 catechin 280 B
3 mw=290 Range 64e-1
1.2e-14
1.0e-1
s 0e 2j salicortin
2 E 328 mw=424 tremulacin 2
6.0e-2 3 mw=528 <
4.0e-24 5 173
E 3.66
373 f
2.0e-24 263 m“ i ASz\'l%f 55§\J\ 628653 4y 8.41
E A w ~d A
) A A — AN N A
0.0 Lo s T e e e Time
3.00 4.00 5.00 6.00 7.00 8.00
D
C 8: Diode Array
6.53 280 100
f|‘ Range: 1.057e-2 0o
10e-2 6.28 ‘
I' | tremuloidin
8.0e-3 i | I‘ mw=390 712
I fA
2 60e3 6.18 ‘l \ / ‘I | '] #
606 /| | 592 6.93] | 757
40e3{ M\ | | a2t | 7.48
S \ \ | l 6.8 \ A S 1 A
E o | 668 °R°7 VNS A
" “f_\-/‘\-‘ Y \‘?25735 AR
2 0e-3 ONS M A L
004 T T T T T T T T T T T T T T Time 0
600 620 640 660 680 700 720 7.40

1.2e1

1.0e-1 epicatechin
8.0e-2 | mw=290
6.0e-2 328 |
4.0e-2 “ ‘ l
2.0e-2 Vo v as7 486
e-. \ A
_J N "«.\/\_‘.‘ AN _"‘/Hi‘ "/7\,\ P
0.0 4 ey T Time
320 340 360 380 400 420 440 460 480
an ES
341 TIC
343 S1e7
329 (1344
X
salicin ‘
mw=286™_ 29577
5129 | n45 5555:0
367 N
a6 463 5.39,
368 424 487 53
2z 2 N B R

1.69

!
\IU\‘.‘

A AN VAAR! RSAN AR L AL
150 200 250 300

AR RARAN VALY RALA RARAS LA LA LAY
350 400 450 500 550

Supplemental Table 3.1: Concentrations?® of major poplar salicinoids in control and knock-

out hairy root lines as determined by UPLC-MS.

Compound EV 115-A1 115-B23  115-C5 | 134-A3 134-A20 134-A10
Tremulacin 4.84 + 141+ 3.89¢ 3.55+% 6.01 214 + 355+
1.14 0.60 1.62 0.86 1.36 0.46 0.86
Tremuloidin 413 + 091+ 2.88 £ 2.16 ¢ 290+ 171+ 3.59+
2.00 0.68 1.70 1.47 1.74 0.24 0.34
salicortin 248 £ 0.88 = 1.25+ 1.95 1.83 0.92 £ 193+
0.26 0.52 0.37 +0.63 +0.45 0.32 0.54

@ Concentrations are presented as pg mg™! dry weight + SE. No significant difference from
controls was determined using a one-way ANOVA.
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Supplemental Table 4.1: Heatmap of relative gene expression for the flavonoid and MYB
genes quantified by qPCR in control, MYB115-KO and MYB134-KO hairy roots.

0 1

MYBI15 MYB134 F3'5'H1 DFR2 ANRI1 LAR3
EV 1.00° 1.00 1.00 1.00 1.00 1.00
115-A1 1.21 1.74 1.57 1.17 2.00
115-B23 1.57 2.27 1.16 0.91 1.27
115-C5 1.34 1.44 1.55 0.97 1.38
134-A3 0.55 1.06 0.52 0.73 0.82
134-A20 0.85 1.13 0.55 0.76
134-A10 0.69 0.94 0.78 0.79 0.70

# Values represent relative gene expression level. No significant difference from controls was
determined using a one-way ANOVA.
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Supplemental Figure 5.1: Concentrations of key salicinoids in leaves and roots of MYB115-
KO and MYB134-KO plants as determined using UPLC in high light exposed poplar
plants.
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Data points are presented as mean + SE. At least three biological replicates per line were
analyzed. No significant differences from controls were found using a one-way ANOVA.
Colors of bars represent different lines, wild-type plants are shown in grey, MYB115-KO lines
are shown in blue, MYB134-KO lines are shown in green.
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Appendix 6

Supplemental Figure 6.1: DMACA staining for different tissues of knock-out mutants and
wild-type obtained from mist chamber.
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Appendix 7

Supplemental Figure 7.1: Specificity of Armillaria housekeeping gene EFla and Poplar
housekeeping gene actin.
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#1-4 represent four individual wild-type poplar root DNA.

Four isolates of Armillaria were used for this experiment.
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