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IAA indole-3-acetic acid

IBA indole-3-butyric acid

IMGAG International Medicago Genome Annotation Group
IPyA indole-3-pyruvic acid

LAX like AUX

LC-ESL-MS/MS liquid chromatography-electrospray ionisation-tandem mass

spectrometry
LHK Lotus histidine kinase
LOD limit of detection
LOQ limit of quantification
m/z mass-to-charge ratio
MDR multidrug-resistant
NFP Nod factor perception
NIN nodule inception
NPA 1-N-naphthylphthlamic acid
NSP nodulation signalling pathway
PAA phenylacetic acid
PAT polar auxin transport
PGP P-glycoprotein
PIN pinformed
Q-TOF quadrupole time-of-flight
SIN signal-to-noise ratio
TAA tryptophan aminotransferase of Arabidopsis
TAR TAA-related
TIBA 2,3,5-triiodobenzoic acid
TIR1 transport inhibitor resistant 1
tr retention time

Y tryptone-yeast
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L) Auxin homeostasis and signalling ¢

1.1.1.1 PIN proteins

An important characteristic of the full-length PIN proteins is their polar localisation
in the cell. This gives directionality to auxin flow and underlines the role of PINs in
creating auxin maxima, such as during the initiation of lateral roots, formation of
nematode galls and meristem maintenance (Benkovi et al., 2003, Blilou et al., 2005,
Grunewald et al., 2009, Wisniewska et al., 2006). The asymmetric distribution of
PIN proteins, especially PIN1, is modulated by actin filaments via rapid recycling of
the proteins into endosomal vesicles and subsequent plasma membrane domain
repositioning (Geldner et al,, 2001). The endosomal protein GNOM is involved in
the polar recycling of PIN (Geldner et al., 2003, Kleine-Vehn et al., 2009). Drdovi et
al. (2013) recently postulated that PIN recycling involves an exocyst complex,
similar to those functioning in exocytosis in animals and yeasts, which acts
downstream of GNOM. Phosphorylation of PIN by PINOID relocates the auxin
transport protein to the basipetal side of root cells through a GNOM-independent
pathway. This process is negatively regulated by phosphatase 2A (PP2A)
(Michniewicz et al., 2007). Hence, this mechanism allows plants to respond quickly

by channelling auxin into the responding tissues upon receiving external stimuli.
















20

General Introduction
the authors also showed that the Trp biosynthetic mutant lines trp2-1 and trp3-1
had higher IAA levels than WT. The tomato mutant sulfurea exhibits paramutation
and is auxin deficient (Ehlert et al,, 2008). A suppressor mutation resulted in
overaccumulation of IAA and the pathway involved is thought to be independent of
Trp. Although multiple lines of evidence suggest the existence of a Trp-
independent pathway, the molecular characterisation and enzymology of this

pathway is still barely explored.

Figure 1.2 Auxin (IAA) biosynthesis in higher plants. The biosynthesis of auxin can occur
via a Trp-independent or Trp-dependent pathway (separated by horizontal black line). Trp is
produced in the plastid via the Shikimate pathway. So far, four Trp-dependent pathways
have been proposed, each named after the immediate metabolite downstream of Trp, i.e.
the IPyA, IAOx, IAM and TRA / TAM pathways. The IPyA pathway, which operates through
a simple two-step process, is thought to be the major IAA biosynthetic pathway in plants,
Trp s converted to IPyA by the TRYPTOPHAN AMINOTRANSFERASE OF ARABIDOPSIS
(TAA) or the TAA-RELATED (TAR) family of proteins. The biosynthesis of IAA from IPyA is
catalysed by the YUCCA (YUC) family of flavin monooxygenase-like enzymes,
Abbreviations: ANT, anthranilate; IGP, indole-3-glycerol phosphate; Trp, tryptophan; IPyA,
indole-3-pyruvic acid; IAOx, indole-3-acetaldoxime; 1AM, indole-3-acetamide; TRA / TAM,












Figure 1.3 Auxin (IAA) conjugation. IAA, an active auxin, can be conjugated to esters,
amino acids, peplides and proteins. Several forms of auxin conjugates have been identified,
although not all of them appear at similar concentrations in different plant species. The
function of auxin conjugates is still poorly understood. However, the roles of a few |AA-
amide conjugates have been proposed. For example, IAA-Ala and IAA-Leu are thought to
be storage forms, whereas IAA-Glu and IAA-Asp are proposed 1o be intermediates for IAA
degradation. Abbreviations: IAA, indole-3-acetic acid; IBA, indole-3-butyric acid; IAA-Ala,
indole-3-acetyl-L-alanine; 1AA-Asp, indole-3-acetyl-L-aspartate; IAA-Glu, indole-3-acetyl-L-
glutamate; IAA-Leu, indole-3-acetyl-L-leucine; 1AA-Trp, indole-3-acetyl-L-tryptophan; IAA-
Phe, indole-3-acetyl-L-phenylalanine; IAA-Val, indole-3-acetyl-L- valine.

There is a huge range of auxin conjugates that exists in plants. Auxin
conjugates comprising different permutations of the indole moiety (IAA, IBA, IPA,
4-CI-IAA and PAA) and the attached groups (amino acid, sugar, peptide and
proteins) are possible. It is likely that these auxin conjugates play specific but
overlapping roles during plant development (Ludwig-Miiller, 2011). Several low
molecular weight auxin conjugates (indole moiety attached to amino acids and

sugars) have been discovered in plants. Amide conjugates seem to be ubiquitous












Figure 1.4 Auxin (IAA) signalling pathway. The most well-characterised auxin signalling
pathway is the SCF™'""*® _mediated signalling cascade. The membrane receptor TIR1
binds auxin and this reaction triggers the formation of the SCF™™"**® complex inside the
cell. Before a cellular auxin response is activated, the family of AUX/IAA transcriptional
repressors blocks the promoters of auxin-responsive genes. The SCF™'*® complex
removes AUX/IAA from the transcription start site and catalyses the ubiquitination of
AUX/IAA proteins and subsequent degradation by the 26S proteasomes. In the meantime,
the removal of AUX/IAA proteins activates transcription of auxin-responsive genes. Image
was modified from Freschi (2013).

A huge amount of effort has been invested into uncovering the components
of auxin signalling. Although there is currently an established understanding in

how the pathway works, there are still many questions to be answered (Sauer et al,,
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1.2 Auxin - central regulator of organogencsis

Auxin and cytokinin interaction has been investigated in embryogenic meristem
formation, shoot and root meristem development (Bishopp et al,, 2011). Several
reports have shown that the antagonism between auxin and cytokinin in the root
meristem is determined by certain integrators, which mutually control the signalling
pathways or homeostasis of both hormones (Figure 1.5) (Dello loio, 2008, Marhavy

etal,, 2011, Marhavy et al,, 2014, Moubayidin, 2009, Razi¢ka et al., 2009).

Latera' root inaton
v
* ARR1, ARR12
AHK3 1
PIN1, PINS
ARR1, ARR12
Root menstem
IPTS—SHY2=4 PIN1, PIN3, PIN7 Cytokinin
A (oot AHK PIN1, PIN7
AHP  pydn
l._.m
ARR1, ARR10,

Figure 1.5 Auxin-cytokinin crosstalk in the root. Auxin and cytokinin act antagonistically in
the root to control lateral root emergence, the transition zone and root meristem
maintenance. The genetic components involved are distinct, but overlap in each case. In
general, cytokinin is perceived by a receptor-like kinase and the resulting signal causes an
inhibition of auxin transport. Abbreviations: AHK, Arabidopsis Histidine Kinase; ARR,
Arabidopsis Response Regulator; SHY2, Short Hypocotyl 2; IPT, Isopentenyl transferase;
AHP, Arabidopsis Histidine Phophotransfer protein. Image was modified from El-Showk et

al. (2013).



























42

General Introduction

1.3.3.2 Bacterial infection

Nod factor perception also leads to invasion of the correct Rhizobium species into
host roots. The process is facilitated by cytoskeletal changes in root hair cells,
causing deformation of the root hair. Rhizobia in the vicinity of the curled root hair
are entrapped within the structure. The cell wall of the root hair grows inwards,
forming a tunnel-like structure, called an infection thread that rhizobia migrate
into. During infection thread growth, rhizobia undergo replication and increase
Nod factor concentration by further synthesis, a process important for inducing

plant responses in the latter stages of infection (Oldroyd et al., 2011).

Figure 1.6 Schematic representation of the nodulation process and regulatory pathways
involved in legumes. Here, a Medicago truncatula nodule forming at the early stages is
shown. The host plant exudes flavonoids, which act as chemoattractants to the
corresponding Rhizobium species (Sinorhizobium meliloti). In addition, flavonoids induce
Nod factor (NF) synthesis in Rhizobium. At the epidermis, NF is perceived by receplors,
NOD FACTOR PERCEPTION (NFP) / LYK located in the root hairs. NF perception
activates calcium spiking, which is decoded by calcium and calmodullin-dependent protein
kinase (CCaMK). CCaMK activates transcription of nodulation-related transcription factors,
including NODULATION SIGNALLING PATHWAY1 (NSP1), NSP2 and NODULE
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1.4 Auxin transport regulation during nodulation

site of rhizobia infection and Nod factor application in white clover. This was
consistent with results obtained from application of synthetic auxin transport
inhibitors (Mathesius et al., 1998). The reduced staining does not last, however, as
staining could be observed below the infection site following a short period of
inhibition, and enhanced staining was observed later at the infection zone.
Intriguingly, attempts to find evidence for a similar pattern in determinate legumes
have fallen short. Studies in L. japonicus and soybean did not yield similar results
(Pacios-Bras et al., 2003, Subramanian et al., 2006). On the contrary, an increase in
radiolabelled auxin was measured in root segments encompassing the spot-
inoculated site of L.japonicus at an equivalent time point when inhibition is

observed in M. truncatula and white clover (Pacios Bras et al., 2003).
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CHAPTER 2

Materials and Methods
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Materials and Methods

384-well plates using standard reaction mixture from Power/Fast SYBR" Green
(Applied Biosystems) and analysed with an Applied Biosystems 7900HT or ViiA™ 7
Real-Time PCR System. Raw data were analysed in Excel using a relative
quantification method based on (Pfaffl, 2001), with GLYCERALDEHYDE-3-
PHOSPHATE DEHYDROGENASE (GAPDh) or RIBOSOME BINDING PROTEIN1

(RBP1) as the reference genes.

2.10 Statistical analyses

Statistical analyses were carried out with Genstat 15th Edition (VSN International,
Hemel Hempstead, UK), Prism version 5.02 and Instat version 3.06 (Graphpad

Software, La Jolla, CA, USA).
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CHAPTER 3

Bioanalytical Study Using Liquid
Chromatography With Tandem Mass
Spectrometry for the Quantification of

[AA and Its Conjugates
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| Introduction
pneumatic electrospray ionisation (ESI) dual spray Jet Stream ion source interface,
in both positive and negative ion polarities after separation on an Agilent ZORBAX
Eclipse XDB-CI18 column (2.1 x 50 mm; 1.8 um). Figure 3.2 shows a schematic
diagram of the ESI-Q-TOF system used at the Mass Spectrometry Facility, Research

School of Biology, The Australian National University.

Time-of-flight (TOF)
chamber ?

Electrospray

Low -
l pressure COHISI;)n cell

¢ | J_l_\'=—ﬁ’|rﬁ|_|:=|r .....

4 J_ //=|=| Ial‘—l-'—

-LL
Capillary Quadrupole (Q)

Figure 3.2 Schematic diagram describing major components of the Agilent 6530 ESI-Q-
TOF system. Image was adapted from Agilent technologies

Electrospray ionisation (ESI) is regarded as a soft ionisation technique, which
utilises strong electrical fields to produce charged gas phase ions. The LC effluent is
subjected to a high voltage as it exits through the nebulising needle which is set at
ground potential (Figure 3.3). The LC liquid phase, which contains the IAA and
IAA conjugate analytes, sprays into the source chamber from the nebuliser needle
that is surrounded by a counter electrode, where high voltage is applied. The
potential difference between the counter electrode and the nebulising needle creates
a strong electric field that charges the surface of the emerging LC liquid to form a
fine ionising spray of charged droplets (aerosols). The evaporation process is

assisted by the application of high pressure and super-heated sheath nitrogen gas.






LC sample infet

_ Nebulizing gas

Super-heated

sheath gas

MS inlet

Nozzle voltage

Collimated /

thermal containment
rone results in enhanced

MS and MS/MS sensitivity

Resistive
sampling
capillary

Figure 3.3 Components of an Agilent Jet Stream electrospray. Image taken from Agilent

Technologies.

Table 3.1 Agilent 6530 Accurate-Mass Q-TOF acquisition modes

Total
transmission
ion (TTI) mode

All ions are passed through the quadrupole (which is in the TTI
mode) to the TOF, No voltage difference. No collision energy
applied in the collision cell, so only low energy collision occurs.
Time-of-flight performs as a stand-alone mass analyser providing
high resolution data.

Product ion
scan auto
MSMS

The software algorithm automatically selects the precursor ions
(based on the highest ions detected) and fragments them. Signal-
to-charge is compromised as this is used for method development
or identification of unknown compounds.

Product ion
scan targeted
MS/MS

The quadrupole is directed to pass pre-selected precursor ions
only into the collision cell. The TOF analyses all the resulting
product ions. This sensitive mode is used for quantitative
analysis, identification of known analytes and structural
elucidation.

Therefore, for our auxin analyses, we were only interested in the TTI (full scan MS)

and targeted MS/MS modes.












3.2 Experimental procedure

~2 g ground tissue

=g
/ 5 x 100 myg tissue

5x 100mgnssue

11\1’01\1‘\!

AL

CASIE SO SOU S S muLazswmmmm TN YA Y1 v
1 20 pL of 1 ug/mL internal standard
\ Extraction solvent V V V v

Unspiked samples
20 pL of 1 ug/ml internal standard
Extraction solvent

Figure 3.4 Schemalic diagram describing the experimental design for determining the
extraction efficiency of the modified extraction protocol from Muller and Munne-Bosch

(2011), as shown in the flow diagram above (Figure 3.1).
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validated that methanol gave rise to better peak signals for D5-1AA, TAA and IBA,
in accordance with previous reports that favoured methanol as the solvent of choice
for IAA metabolite analysis (Figure 3.5) (Durgbanshi et al.,, 2005, Kallenbach et al.,
2009, Ma et al., 2008). Our primary compound of interest, IAA, had a four-fold
higher peak height signal in methanol in comparison to acetonitrile. Indole-3-
butyric acid had nearly a 20-fold improvement in detection sensitivity in methanol.
We then varied methanol composition with water such as 50/50, 70/30, 90/10
methanol/water (v/v), and found that the composition 90/10 provided better

separation, peak shape and signal.

1 BAcN
=1 @ MeOH
=
£ 1
=
2
£

2

DS-AA 1AA IBA

Figure 3.5 Peak heights of auxins detected in acetonitrile or methanol with 0.1 % formic
acid as the mobile phase B. Mobile phase A was water with 0.1 % formic acid. Higher peak
height corresponds to enhanced sensitivity. Abbreviations: ACN, acetonitrile; MeOH,
methanol.

Next, we compared the effects of different acid additives on
chromatographic performance. Formic acid and acetic acid, two widely used
additives that are known to aid in improving compound separation, peak shape and
protonation in LC/MS (Durgbanshi et al., 2005, Ma et al., 2008), were compared.
Mobile phase A was water with 0.1 % acid and mobile phase B was 90%

methanol/water with 0.1 % acid. Among the eight auxin compounds tested, five
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(IAA, IBA, IAA-Asp, IAA-Phe and TAA-Trp) were better detected in 0.1 % formic
acid, whereas the internal standard D5-1AA had similar detection sensitivity with
either 0.1 % formic acid or acetic acid (Figure 3.6), suggesting that 0.1 % formic acid
is a better overall option for further method development. Formic acid has a lower
molecular weight than acetic acid and during negative ion analysis, these lower
molecular weight deprotonated molecules and deprotonated dimers will cause less
interferences (Annesley, 2003, McMaster, 2005). Furthermore, commercial formic
acid solvents generally contain much less contaminants than acetic acid mobile
phases. Solvent purity (HPLC or LC/MS grade) is particularly crucial during

sensitive LC/MS analysis.

oy B0.1%FA

= 0.1% AcOH
T 8]
X 200+
v
]
x -
5 100
o

0

CHRAIE G S AN P Ll
& \vY\,r”\V"\,vg\v?

Figure 3.6 Peak heights of auxins detected in 0.1 % formic acid or 0.1 % acetic acid as the
additive in mobile phases A (water) and B (90 % methanol/water). Higher peak height
denotes enhanced sensitivity. Abbreviations: FA, formic acid; AcOH, acetic acid.

In addition, we found that acetic acid is an inferior acid for chromatographic
peak shape and elution selectivity. A comparison of 0.1 % formic acid or acetic acid

as the additive for the mobile phases suggested that formic acid was the better
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Its Conjugates
option for fully resolving D5-IAA and IAA, which eluted within seconds of each
other. Using acetic acid resulted in unresolved D5-IAA and IAA peaks (Figure 3.7)
but Gaussian (bell-curve) and baseline resolved peaks were attained with formic
acid (Figure 3.8). Our preferred solvent system for ESI LC/MS was: Solvent A -
HPLC grade water with 0.1 % formic acid; Solvent B - HPLC grade 90 % methanol /

water with 0.1 % formic acid.

J EIC.1AA DS-IAA 413,533 min 0.1% acetic
o | MeH) = 176 acid
=
1)
EIC, DS-IAA 13.405 min
2] [MeH) = 181 DA
j s IBA
:o \ e
o] EIc.1BA 16.801 min
uf\g lu.mo‘zo‘
0 ~—— e 3
L E R E R T

Figure 3.7 Positive ion mode extracted ion chromatograms (EIC) of IAA, D5-1AA and IBA.
Chromatograms show peak height counts on the y-axis and retention time (tg, min) on the x-
axis. Mobile phase B consists of 90 % methanol / water + 0.1 % acetic acid. Extracted ion
chromatogram for IAA shows |1AA peak unresolved from D5-1AA peak.
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3.3 Results and discussion

{ EIC.1AA 0.1% formic
% | Mk =176 S50 l! acid

04— J1

.] EiC. 0518 |
i ] MeH) = 181 11.963 min
= y|

4] Ec. 1B -
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Figure 3.8 Positive ion mode extracted ion chromatograms (EIC) of IAA, DS-1AA and IBA.
Chromatograms show peak height counts on the y-axis and retention time (tz. min) on the x-
axis. Mobile phase B consists of 90 % methanol / water + 0.1 % formic acid. Full resolution
of IAA and D5-IAA peaks was achieved.

Although formic acid and acetic acid are common mobile phase additives in
positive ion mode, less information is available for the use of common, versatile
additives in the opposite negative ion mode. As mentioned earlier, acids are often
added to positive ion ESI to provide a source of protons for reversed-phase HPLC
(Wu et al., 2004). By logic, bases would serve as suitable modifiers for negative ion
ESI to achieve good ESI LC/MS performance. However, a study using ammonium
hydroxide as a basic modifier yielded poor detection limits and less sample stability
in methanolic or aqueous solutions (Cech and Enke, 2001). On the other hand,
fluorinated solvents like 2,2,2-trifluoroethanol were reported to improve negative
ion ESI response (Cech and Enke, 2001). To select a potentially more suitable
modifier for negative ion ESI targeted MS/MS, we performed some quick
experiments following Wu et al. (2004) experimental design of post-column
infusion of several acidic and basic modifiers, including water, 1 mM ammonium

hydroxide, 100 mM 2.2.2-trifluoroethanol, 100 mM 2,2,3,3,3-pentafluoro-1-
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propanol, 0.01 % triethylamine, 1 mM acetic acid and 100 mM formaldehyde in
negative ion mode using a T-piece post-column syringe infusion system (Figure 3.9).
Mobile phase A was water, and mobile B was 90 % methanol/water and 7 uL of an
auxin standard mixture of 1 pg mL’, including the D5-IAA internal standard, was
injected via the autosampler. When no post-column modifiers were used, the
mobile phase A was water + 0.1% formic acid, and mobile B was 90%
methanol/water + 0.1 % formic acid and 7 uL of the same 1 ug mL' auxin standard
mixture with D5-IAA were run through the post-column infusion configuration
(Figure 3.9; labelled in Figure 3.10 as “None”) to compare results. In some cases,
modifiers marginally improved detection of auxin compounds. Ammonium
hydroxide (1 mM), for example, increased ESI responses for D5-1AA, IAA, IBA and
PAA (Figure 3.10). In general, however, the detection sensitivity of auxin
compounds was quite comparable with or without additional modifiers. We

therefore opted to proceed with future analyses without a post-column modifier.
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Figure 3.11 Column temperature selection of auxin compounds. Graph shows raw peak
height counts on the y-axis and retention time (tz, min) on the x-axis. Chromatogram shows
an example of the column temperature selection for IAA in the positive ion polarity.
Detection sensitivity is proportional to peak height. Most auxin compounds analysed have
an optimum column temperature close to 35°C. Analytes eluted faster at higher column
temperatures, as indicated by the shorter retention times as temperature increased.

x105

Counts

3.3.1.4 HPLC gradients and flow rates

Optimisation of HPLC gradient would serve to provide sufficient separation of
compounds within the least amount of time possible. When large numbers of
samples are involved, a shortened sample run would greatly improve the efficiency
of the whole analytical process. At the start of the run, typically a low organic
solvent (higher solvent A composition) is run through the column. Due to the
relatively less polar nature of auxins, they can be retained on the C18 stationary
phase (Ljung et al,, 2010). As the organic solvent B composition increases, auxins
are eluted from the stationary phase due to the increasingly favourable interaction
with the high organic mobile phase. We compared several elution gradients in
search for an optimal gradient that would provide separation, resolution and good
peak shape of IAA and its conjugates. The mobile phase A was water + 0.1 % formic
acid, and mobile phase B was 90 % methanol/water + 0.1 % formic acid. Aliquots of
7 pL of the 1 pg mL ' auxin standard mixture with D5-IAA were repeatedly injected.

We varied the start of the gradient at 10 or 15% B at 0 min, steadily took the















Results and dis

affecting the quantitation process, which relies on good product ion peaks (Figure

3.14A and 3.14D). On the contrary, higher collision energy over-fragmented the

precursor ions (Figure 3.14C and 3.14F).

Counts

+ ESI, D5-1AA =130V

t (min)

- + ESIL 1AA - 130V

tg (min)

Figure 3.13 Fragmentor voltage optimisation. Graphs show raw peak height counts on the
y-axis and retention time (tz. min) on the x-axis. Optimal fragmentor voltage for each auxin
compound was investigated. Examples for fragmentor votage tested for D5-IAA and IAA
are shown. Maximum sensitivity was achieved for D5-IAA and 1AA with fragmentor voltages

of 130 and 140 V, respectively.
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Figure 3.14 Collision energy optimisation. Mass spectra show relative abundance on the
y-axis and mass-to-charge (m/2) ratio on the x-axis. Product ion spectra of (A-C) D5-1AA
and (D-F) IAA under different collision energies (CE) in positive ESI. The optimum collision

energy dissociates the precursor ion to ~10 % of its original abundance (B,E).
collision energies promote insufficient fragmentation (A.D).

Lower
Higher collision energies

promote additional “noise-like” fragments (C.F). Blue diamonds indicate precursor ions.



Table 3.7 Quality parameters for auxin detection using LC-MS/MS in our study. Commercial auxin standards used

in this study and their respective retention times, optimised collision energies, collision induced dissociation high

resolution product ions, LODs?, LOQs", linearity and correlation coefficients for identification and quantification in

positive and negative ion polarity ESI targeted MS/MS.
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Figure 3.15 Positive targeted MS/MS extracted ion chromatograms (top) and MS/MS
product ion spectra (bottom) of (A) DS-IAA and (B) IAA, respectively, using a 5 ug ml” auxin
standard mixture. Extracted ion chromatograms show the retention time of individual auxin
analytes. Product ion spectra show the precursor ion and the three most abundant product
jons unique to each analyte.
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1.3 Results and discussion
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Figure 3.16 Negative targeted MS/MS extracted ion chromatograms (top) and MS/MS
product ion spectra (bottom) of (A) DS-IAA and (B) IAA, respectively, using a 5 pg mi” auxin
standard mixture. Extracted ion chromatograms show the retention time of individual auxin
analytes. Product ion spectra show the precursor ion and the three most abundant product
ions unique to each analyte.
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Figure 3.17 Location of fragmentation via collision induced dissociation (CID) on each
auxin protonated molecule [M+H]" to produce the respective most abundant product ion in
the positive ESI mode. Mass-to-charge (m/z) = 130 is a quinolinium ion.
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3.3 Results and discussion

comprised of 90 % acetonitrile/water with 0.1 % formic acid, using the same
gradient as for the auxin method. Chromatographic peak shapes, retention times
and MS/MS product ion spectra of individual flavonoid compounds were good.
Luteolin and naringenin are shown in Figure 3.20 as examples. Calibration curves
from 0.01-5.0 ppm were generated and the linear range was found to be 0.01-2.0
ppm (Table 3.9). Good correlation coefficients were obtained (R* > 0.98) and the
reproducibility of retention times was good with % RSDs of 0.09-1.37 % for run-to-
run precision. Furthermore, the internal standard luteolin has an area count % RSD
of 7.96 % (run-to-run). Finally, the LODs (3 x $/N) and LOQs (5 x S/N) were
calculated as previously, with the former ranging from 5.47-45.91 pgmg' (Table
3.9).
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Table 3.9 Quality parameters for flavonoid detection using LC-MS/MS in our study. Commercial flavonoid standards used in this study

b 5
and their respective retention times, CID high resolution mass product ions, LODsa, LOQs , linearity and correlation coefficients used for

identification and quantification by negative polarity ES| Targeted MS/MS.

Collision Correlation

Molecular
formulae

LOD: | LOG® Linearity | coefficient

energy Product ions (from most intense to least) pg/ma) | (pg/mg)
(R?)

(eV)

Luteolin | C15H1006 28624 2850402 35 1)0031 & 13006 650043 830155 10701 1750399 755 1258

K | 1M1+ 0.6106x +
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Injection precision (n=10), data shows mean and SD

» Limit of detection (LOD) 2 3 x S/N, = Limit of quantification (LOQ) = 10 x S/N
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A Medicago truncatula B Lotus japonicus

8 6 a
ac 2 a

bd

d 2 d

WRE: [

"T 7 10 50 100 1 10 50 100 L . R ]
TIBA (M) NPA (uM) TIBA (uM) NPA (M)

Primary root growth (cm)
~N »
o

Primary root growth (cm)

=]

Figure 4.1  Primary root growth in response to TIBA and NPA treatment at various
concentrations. Primary root growth was measured at 15 days post treatment for Medicago
truncatula (A) and 25 days post treatment for Lotus japonicus (B). A two-way ANOVA with a
Tukey-Kramer multiple comparison post-test was used for statistical analysis. Different
lower case letter indicates statistically different root length (p<0.05, n=15-20). Abbreviations:
C, control; TIBA, 2,3,5-triiodobenzoic acid; NPA, 1-naphthylphthlamic acid. Graphs show

mean and SD. Abbreviation: C, control treatment.

We found that TIBA and NPA application in the concentration range of 1-
200 pM induced formation of pseudonodules on the roots of M. truncatula,
subclover and S.rostrata, but not on acacia, L. japonicus and soybean. In
M. truncatula and subclover, there was a significant dose effect on the formation of
pseudonodules by ATIs (Figures 4.2 A and B; p<0.0001, two-way ANOVA). The
auxin transport inhibitor TIBA showed a significantly higher pseudonodule-
forming efficiency compared to NPA in both species (Figure 4.2A and B; p<0.001,
two-way ANOVA). The concentration of 50 pM of TIBA and NPA represents the

optimal concentration for pseudonodule formation (Figures 4.2A and B).
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zone comprising a few cell layers with specific functions (Vasse et al., 1990). Cross
sections of pseudonodules revealed a structure which is not reminiscent of a typical
nodule. In M. truncatula, subclover and S. rostrata, pseudonodules were typified by
extensive pericyclic and endodermal divisions (Figures 4.7A-F), compared to
predominantly cortical cell divisions in rhizobia-induced nodules. During legume-
Rhizobium symbiosis, a peripheral vasculature develops in a maturing nodule. This
was not observed in pseudonodules. Moreover, the primary root vasculature of

roots treated with TIBA and NPA was malformed.

Figure 4.3 Pseudonodule formation in response to TIBA and NPA treatment on Medicago
truncatula roots. (A) Pseudonodule formation in response to 50 pM TIBA treatment. (B)
Pseudonodule formation in response to 50 uM NPA treatment. (C) Pseudonodules were
formed along the entire length of the roots. Section encapsulated by the white box indicates
the region where the majority of pseudonodules were found. White lines within the box
indicate location of the root tip when the roots were first subjected to TIBA treatment. White
arrows indicate pseudonodules found at distal parts of the roots. Scale bars represent
1 mm in (A) and (B), and 1 cm in (C).



TIBA NPA

Figure 4.4 Pseudonodule formation in response to TIBA and NPA treatment on subclover
roots. Pseudonodules were formed at different sites on the root. They were observed as
singular structures (A-B), directly adjacent to a lateral root (C-D), at the base of a lateral root
(E-F), and at the tip of a lateral root (G). Scale bars represent 500 pm
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Figure 4.5 Pseudonodule formation in response to TIBA and NPA treatment on Sesbania
rostrata roots. Pseudonodules were formed at different sites on the root. They were
observed as singular structures (A-B), at the base of a lateral root (C) and at the tip of a
lateral root (D). Scale bars represent 500 pm.
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Figure 4.6 Nodulation efficiency on A17 roots in response to local application of rhizobia.
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Figure 4.8 Bump-like structures formed on the stems of Sesbania rostrata treated with
TIBA and NPA. Images show the morphology of lateral structures induced by water (mock
treatment) (A-C), TIBA (D-F) and NPA (G-l). Ultraviolet light images highlight tissues with
high wood/suberin content. White arrows indicate location of lateral structures. Yellow
arrows highlight layers which differ in thickness between TIBA and NPA-treated stems

compared to mock-treated stems. Scale bars represent 500 pm

Finally, we compared changes in the auxin response during the development
of a rhizobia-induced nodule, pseudonodule and a hijacked pseudonodule (nodule
formed from a pseudonodule) on M. truncatula roots. During rhizobial nodule
development, auxin response as seen by GH3:GUS expression was localised to the
dividing pericycle, endodermal and inner cortical cells, at the early stage of
nodulation (~ 48 h.p.i.; Figure 4.9B) and later restricted to the nodule meristem and
vasculature in a late stage nodule (~ 10 d.p.i;; Figure 4.9C). In mock-inoculated
(Figure 4.9A) and mock-flooded (Figure 4.9D) roots, auxin response was mainly
observed in the primary root vasculature. Faint and diffuse auxin response was
found in the cortical layers of mock-treated roots (Figure 4.9A and D). A distinct

auxin response was also visualised in the primary root vasculature of early and late



149

1.2 Results

stage rhizobia-induced nodules (Figure 4.9B and C), but could not be detected in the
primary vasculature of the vast majority of roots treated with TIBA (Figure 4.9E, F,
H, I, ], K, L). During the early stages of TIBA-induced pseudonodule development,
auxin response was observed in the dividing pericycle, endodermis and inner cortex
as well (between 5-10 d.p.t; Figure 4.9E-H). Auxin response remained in the inner
layers of a late stage pseudonodule (~ 20 d.p.t; Figure 4.91). It is hypothesised that
rhizobia are able to hijack a developing lateral root to form nodules (Mathesius et al.,
2000). When M. truncatula roots were co-treated with TIBA and S. meliloti, we
observed that rhizobia were seemingly able to hijack pseudonodule formation to
form a rhizobia-colonised nodule (Figure 4.9]-L). These structures are highly
similar to rhizobia-induced nodules. Nonetheless, traces of pseudonodule origins
could be observed in their slightly malformed primary root vasculature (increased
number of protoxylem and xylem poles; Figures 4.9]-L), lack of auxin response in
the central vasculature, as well as a slightly thicker outer cortical layer (Figure 4.9K
and L). Interestingly, auxin response was observed in the “infection zone” of

“hijacked pseudonodules”, but was absent in rhizobia-induced nodules.
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Here, we measured a significant increase in auxin transport capacity in S. meliloti-
inoculated root segments compared to mock-treated root segments at 6 and 24 h.p.i.
(Figure 4.11B). Interestingly, basipetal auxin transport underwent an even larger
overall change (increase) in response to rhizobia inoculation (p<0.0001; two-way
ANOVA). Our results showed that in M. truncatula, basipetal auxin transport
changes in response to S. meliloti treatment occur earlier than acropetal auxin
transport. In addition, basipetal auxin transport changes were more sustained, as

opposed to a more transient nature of acropetal auxin transport inhibition.

A B
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4.13A). Intriguingly, we could not fail to notice a slight but significant inhibition of
both acro- and basipetal auxin transport between 24-33 h.p.i. in L. japonicus roots
after M. loti treatment. Indeed, we quantified a significant decrease in acro- and
basipetal auxin transport on separate occasions (Figure 4.14A and B). The fact that

this trend was observed multiple times suggests it is not a coincidence.
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Figure 4.12 Nodulation on Lotus japonicus roots 20 d.p.i. with Mesorhizobium loti. (A)
Nodules per root on L. japonicus roots spot-inoculated with M. foti (n=40). (B) Nodules
forming at the site of M. Joli inoculation. White arrow indicates the inoculation site. Scale
bar represents 1 mm. Graph shows mean and SD
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Indeterminate and Determinate Nodules
In M. truncatula roots, the first visible cell division can be observed as early as
24 h.p.i. (Figure 4.15C), in agreement with a recent report by Xiao et al. (2014).
This stage is also when acropetal auxin transport inhibition occurs (Figure 4.15C
and 4.11A). At 48 h.p.i., multiple cell divisions had occurred at the pericycle and
inner cortex (Figure 4.15D). At 0 and 6 h.p.i,, cell division could not be observed,
although basipetal auxin transport had increased at 6 h.p.i. (Figure 4.15A and B;
4.11B). In L. japonicus, cell division could not be observed at 0, 12, 24 and 48 h.p.i,,
although a single cortical cell division was possibly observed at 48 h.p.i. on one
occasion (Figure 4.16A-D). Visible outer cortical cell divisions were reliably
observed at 72, 96 and 120 h.p.i. (Figure 4.16E-G), when acropetal auxin transport

capacity was increased in nodule-forming roots.

Shpi
B
TR LS
Acropetal No change
Basipetal - Increase

Figure 4.15 Nodule development in Medicago truncatula. Cross sections of roots showing
the stages of nodulation at 0 hours post inoculation (h.p.i.) (A). 6 h.p.i. (B), 24 h.p.i. (C) and
48 h.p.i. (D). Changes in acro- and basipetal auxin transport at each individual stage are
summarised below each figure. Approximately 10 roots were examined at each stage.
Black arrows indicate pericyclic and cortical cell divisions. Scale bars represent 200 ym.
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1.2 Results

Acropetal
Basipetal

Figure 4.16 Nodule development in Lotus japonicus. Cross sections of roots showing the
stages of nodulation with Mesorhizobium ioti at 0 hours post inoculation (h.p.i.) (A), 12 h.p.i.
(B), 24 h.p.i. (C), 48 h.p.i. (D), 72 h.p.i. (E). 96 h.p.i. (F) and 120 h.p.i. (G). Changes in acro-
and basipetal auxin transport at each individual stage are summarised below each figure.
Approximately 10 roots were examined at each stage. Black arrows indicate cortical cell
divisions. Dotted black arrow in D indicates possible cortical cell division. Scale bars

represent 200 pm.

In section 4.2.1, we demonstrated the ability of auxin transport inhibitors to
induce pseudonodule formation on the roots of M. truncatula, but not L. japonicus.
To confirm that the formation of pseudonodules was due to a reduction in auxin
transport, we measured acro- and basipetal auxin transport capacity in root
segments of M. truncatula and L. japonicus following TIBA treatment. We chose
TIBA instead of NPA because it confers less pleiotropic effects on the roots at the
concentrations that were being used to initiate pseudonodules (50 uM, Figure 4.1).
We confirmed the reduction of acro-, but not basipetal auxin transport by TIBA in

both M. truncatula and L. japonicus root segments. In M. truncatula, we observed a
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the inoculation site). Endogenous auxin concentration (ng g'1 FW) in M. truncatula roots
inoculated with Sinorhizobium meliloti and mock-treated roots were measured at 6, 24 and
48 hours post treatment (h.p.t.). Auxins detected in M. truncatula roots include (A) IAA, (B)
IBA and (C) IAA-Ala. (D) PAA, (E) 4-CI-IAA and (F) IAA-Val were not consistently detected
at all time points. A compound hypothesised to have high structural similarity to IAA-Asp (G)
was also detected. A two-way ANOVA and a Student's t-test were used for statistical
analysis (p<0.05; n=2-10). Asterisks in (A) and (C) indicate significant difference in auxin
concentration (p<0.05). Graphs show mean and SD. Abbreviations: FW, fresh weight; C,
control treatment; |, inoculated; n.d., not detected.
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Figure 4.21  Auxin measurements with LC-MS/MS in Datisca glomerata root tissue.
Concentrations of auxins were measured in the primary roots (A), hairy roots (B) and
nodules (C). A one-way ANOVA with a Tukey-Kramer multiple comparison post-test was
used for statistical analysis (n=2-6). Different lower case letters in (A) and (C) indicate
statistically different auxin concentration in ngg' FW. Graphs show mean and SD.
Abbreviation: FW, fresh weight; n.d., not detected.
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Comparison of Local Auxin Transport Control and Auxin Content in

Indeterminate and Determinate Nodules

Table 4.1 An overview of the similarities and differences that have so far been documented

between indeterminate and determinate nodule-forming legumes.

No. Increase
Yes. Slightly at Yes. In Vicia in Lotus
Yes. At 24 h.p.i.. sativa (common Japonicus at
24 h.p.i.. Increase at all vetch) (Boot et 48 h.p.i.
later time points. al., 1999). (Pacios-Bras et
al., 2003).
Yes. At
3 Yes. At several : Not
sever.al time time points. Not determined. deterrmiriad)
points.
No change,
Increase at except maybe . Not
24 h.p.i.. IAA-Trp and pOkct ErnE determined.
IAA-Phe.
Yes (subclover,
alfalfa, pea etc.)
Yes. No. (Hirsch et al., No.
1989, Scheres
etal., 1992).
. ¥ Yifo(v\';?)'te Yes (soybean)
es. es. (Mathesius et (Tur2n(;31r§t al.,
al., 1998). i
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primordium, showed a strong auxin response (Figure 5.5D). In crel roots, no
activation of auxin response was observed in the cortex, which typically fails to
induce cell divisions in response to E65 (Figure 5.5H). GH3:GUS expression was
seen in epidermal cells of crel mutants in the absence of cortical cell divisions
(Figure 5.5H). However, in a few cases the crel mutant did form small and delayed
nodules, and in these cases GH3:GUS expression was found in dividing cells of the
nodule primordia, as well as in overlying outer cortical and epidermal cells (Figure
5.51), similar to the WT. Reverse transcription quantitative PCR (RT-qPCR)
showed significantly higher expression of GH3 inoculated in WT compared to crel

roots at 6 h p.i. (Figure 5.6A).
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Figure 5.5 Auxin response (GH3:GUS expression) is localised to dividing cells during the
early stages of nodule and pseudonodule development. (A) Auxin response in a mock-
treated WT (A17) root. (B) Auxin response is localised to the root hairs and underlying
cortex directly below the root hairs of a A17 root spot-inoculated with E65 at 24 h p.i.. (C)
Cross-section of (B). (D) Auxin response in the dividing pericycle, endodermal and cortical
cells during early symbiotic stages in an A17 root inoculated with E65 at 48 h p.i.. (E) Auxin
response in a mock-treated cre? mutant root. (F) Auxin response is absent in the root
cortex but present in the root hairs of a cre 1 mutant root spot-inoculated with E65 at 24 h p.i..
(G) Cross-section of (F). (M) In most of cre1 mutant roots, no cell divisions occur in
response to E65 inoculation at 48 h p.i.. (1) Dividing cells in cre1 mutants are associated
with an enhanced auxin response and are observed in less than 5% of cre1 mutant roots
inoculated with E65. Auxin response in the dividing cells of A17 (J) and cre1 (K) roots in
response to TIBA treatment. Auxin response in a cre1 (L) naringenin-, (M) isoliquiritigenin-,
(N) kaempferol-, and (O) quercetin-rescued nodule primordium. (P) No enhanced auxin



Resulis
response or cell divisions were observed in hesperetin-treated roots. Arrowheads indicate
nodule primordia. Arrows indicate auxin response in the root hairs and / or the root cortex.
At least 30 individual samples were observed for each treatment. Horizontal and vertical
scale bars represent 100 pm and 1 mm, respectively. Abbreviations: ep, epidermis; c,

cortex; en, endodermis; p, pericycle.
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Figure 5.6 Quantitative RT-PCR showing transcript abundance in root segments of WT
(A17) and cre1 mutants inoculated for 6 and 24 h with E65 relatively to mock-treated roots.
Expression was normalised to the GAPDh reference gene. The auxin response gene
MtGH3 (A), and the IAA exporter-encoding genes MtPIN2, MtPIN4 and MtPIN10 (B) were
analysed. A two-way ANOVA with a Tukey-Kramer multiple comparison post-test was used
for statistical analyses (p<0.05, n=3). Different lowercase letters indicate significant
differences in transcript abundance within each gene. Each biological replicate consists of

at least 50 root segments. Graphs show mean and SD.
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Figure 5.7 Quantitative RT-PCR of MtPIN genes. Transcript abundance was quantified in
root segments inoculated for 6, 24, 48 h, 5 and 11 d with E65 relatively to mock-treated
roots. Expression was normalised to the GAPDh reference gene. |AA exporter-encoding
genes PINT (A), PIN2 (B), PIN3 (C), PIN4 (D), PIN6 (E) , PIN7 (F), PIN9 (G) and PIN10 (H)
were analysed. PIN5 and PIN8 mRNAs were not detected in M. truncatula roots (Schnabel
and Frugoli, 2004). A two-way ANOVA with a Tukey-Kramer multiple comparison post-test



was used for statistical analysis (p<0.05, n=3). No significant differences were found
between any of the treatments. Three biological replicates consisting of at least 50

individual root segments were analysed. Graphs show mean and SD.
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Figure 5.8 Quantitative RT-PCR of MtLAX genes. Transcript abundance was quantified in
root segments inoculated for 6 and 24 h with E65 relatively to mock-treated roots.
Expression was normalised to the GAPDh reference gene. |AA importer-encoding genes
LAX1 (A), LAX2 (B), LAX3 (C), LAX4 (D), and LAX5 (E) were analysed. A two-way ANOVA
with a Tukey-Kramer multiple comparison post-test was used for statistical analysis (p<0.05,
n=3). No significant differences were found between any of the treatments. Three
biological replicates consisting of at least 50 individual root segments were analysed.

Graphs show mean and SD.












201

s D
2.3 Results

- ) Ao!,‘
RS R
gg §% e g.‘:'_’gg §
T g 5§§ L i
§u a
o /2=
;& c = g___." «E: g
82 %: g 8 é g
: < 3 3 8
ki %T»’E% i g —3
3 B g £
o 81 &8 gtz o 152
2,5 —52 ZQTE al
o 5,’ ‘:s s s x &
- AN g%; £/ &
2 z /;5
o

3 x Malonyl-CoA + p-Coumaroyl-CoA
Dihydrokaempferol
(dihydroflavonol)

B 2 —‘,S - g 3:
o g.: : 2 égﬁgg e
H 5 3 QT
QT € &

B = s %3 ] 5’3‘ §
- di-d-l-1--0
Begleflghicfiesis Y

Figure 5.11  Schematic overview of the flavonoid biosynthesis pathway in Medicago
truncatula. Aglycones that were detected in the roots are shown in bold. Flavonoids shown
in bold red showed differences in induction after inoculation between genotypes
(isoliquiritigenin, naringenin, hesperetin and quercetin). Different subclasses of flavonoids
are indicated in different colours. Note that we could detect genistein/apigenin but could not
differentiate between them because of the identical MW and elution time. Enzymes are
shown in blue and are abbreviated as follows: AMFG, S-adenosyimethionine:flavonoid 7-O-
glucosyltransferase; CHI, chalcone isomerase; CHR, chalcone reductase; CHS, chalcone
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Figure 512 Quantitative RT-PCR showing relative transcript abundance of flavonoid-
related genes in roots treated with cytokinin (Benzylaminopurine, BAP).  Transcript
abundance of flavonoid-related genes in WT (A17) and the cre? mutant roots treated with
107 M BAP for 30 min, relatively to mock-treated roots. Expression was normalised to the
RIBOSOMAL BINDING PROTEIN1 (RBP1) reference gene (Plet et al, 2011). (A)
CHALCONE SYNTHASE (CHS), (B) CHALCONE REDUCTASE (CHR), (C) CHALCONE
ISOMERASE (CHI), (D) FLAVONOID 3-HYDROXYLASE (F3'H) and (E) FLAVONOL
SYNTHASE (FLS) genes were analysed. A Student's t-test was used for statistical
analyses (p<0.05, n=3). Asterisks indicate significant inductions by BAP compared to the

mock-treatment in WT. Graphs show mean and SD.
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Figure 5.14 Quantitative RT-PCR showing transcript abundance of flavonoid-related genes
in root segments. Transcript abundance of flavonoid-related genes in WT (A17) and the
cre1 mutant inoculated for 6 and 24 h with E65 relatively to mock-treated roots. Expression
was normalised to the GAPDh reference gene. (A) CHALCONE SYNTHASE (CHS), (B)
CHALCONE REDUCTASE (CHR), (C) CHALCONE ISOMERASE (CHI), (D) FLAVONOID
3-HYDROXYLASE (F3'H) and (E) FLAVONOL SYNTHASE (FLS) genes were analysed. A
Student's t-test was used for statistical analyses between roots inoculated with E65
relatively to mock-treated roots (fold change) (p<0.05, n=3). Asterisks indicate significant
differences in induction / repression in roots inoculated with E65 relatively to mock-treated
roots within individual treatments. A two-way ANOVA with a Tukey-Kramer multiple
comparison post-test was used for statistical analyses between genotypes (p<0.05, n=3).
Different lowercase letters indicate significant differences in induction / repression between

A17 and cre1 mutants. Graphs show mean and SD.
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5.3.3 Nodulation in crel mutants can be rescued by auxin transport inhibitors

As the crel mutant is deficient in the acropetal auxin transport inhibition preceding
nodule initiation, we tested whether the failure to initiate nodules in this mutant
could be rescued by application of synthetic or natural auxin transport inhibitors,
including flavonoids. We used flooding-application of the synthetic auxin transport
inhibitors 1-N-naphthylphthalamic acid (NPA) and 2,3,5-triiodobenzoic acid
(TIBA), which were previously shown to induce the formation of pseudonodules
(Rightmyer and Long, 2011). Pseudonodules were indeed observed in the absence
of rhizobia, both in WT and crel mutants (Figure 5.15). We observed that NPA
caused pleiotropic effects on roots, such as inhibiting root growth or causing root
curling, while TIBA did not induce these phenotypes at the concentrations used in
our experiments. We therefore only used TIBA for subsequent tests as a synthetic

auxin transport inhibitor.
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hesperetin was not able to rescue nodulation of crel mutants to a WT level (Figure
5.17A, B). Overall, naringenin, kaempferol and isoliquiritigenin were able to rescue
the crel nodulation phenotype, while quercetin partially rescued nodulation and

hesperetin did not rescue nodulation under our conditions.
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Figure 5.16 Root growth (change in tap root length) on Medicago truncatula WT plants
with or without flavonoids and E65. A Tukey-Kramer multiple comparisons test was used for
statistical comparison between treatments (p<0.05; n=15). Abbreviations: W, water; K, 3 uM
kaempferol; Q, 3 uM quercetin; N, 3 uM naringenin; H, 3 uM hesperetin.
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Figure 5.18 Nodules restored on cre? mutant roots treated with selected flavonoids are
infected by rhizobia. (A-C) WT (A17) roots inoculated with E65 without gfp to show
background autofluorescence under GFP excitation; (D-F) A17 roots inoculated with a gfp-
expressing Sm1021 pE65 strain; (G-1) cre? mutant roots inoculated with a gfp-expressing
Sm1021 pE6G5 strain and treated with naringenin (3 pM); (J-L) Cross-section of a cre1
naringenin-rescued nodule shown in (G-1), with gfp-expressing Sm1021 pE65 in infected
cells of the nodule. (A D,GJ) Brightfield images; (B.E H K) Images taken under GFP
excitation (max. excitation 470 nm; 515 nm longpass filter) of the same nodules as in
A.D.G J; (CF.IL) Overlay of brightfield and fluorescence images from the same row. More
than 20 nodule-forming roots were observed under fluorescence for each treatment. White
arrowheads in J and L indicate the nodule peripheral vasculature. Scale bars represent 1
mm in A-l and 500 pm in J-L
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Figure 5.19 Nodules formed on cre 1 mutant roots with addition of auxin transport inhibitors
are infected by rhizobia. Roots were co-flood-inoculated with each auxin transport inhibitor
and a gfp-expressing Sm1021 EBS strain. Nodules were photographed at 3 weeks p.i.. (A)
TIBA-, (B) isoliquiritigenin-, (C) kaempferol- and (D) quercetin-rescued nodules. Images
were taken under GFP excitation (max. excitation 470 nm; 515 nm longpass filter). More
than 20 nodule-forming roots were observed with fluorescence for each treatment. Scale

bars represent 1 mm

I'o determine whether supplementation with TIBA or flavonoids rescued
acropetal auxin transport rcgul;ulmn in crel mutants, we measured auxin transport
24 h after the flood treatment. TIBA alone, which is sufficient to induce
pseudonodules, inhibited acropetal auxin transport significantly in WT and crel
mutants (Figure 5.20A). Flood treatment with naringenin alone also significantly
inhibited acropetal auxin transport in WT and crel roots (Figure 5.20B). Co
treatment with E65 and naringenin, which is sufficient to rescue nodulation in crel
mutants, significantly reduced acropetal auxin transport in WT and crel (Figure
5.20B). A comparable result was found with isoliquiritigenin, kaempferol and
quercetin (Figure 5.21A, B), but not with hesperetin, (Figure 5.21C, D), which also

did not rescue nodulation in crel mutants
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Figure 5.20 Acropetal auxin transport measurements in roots of WT (A17) and the cre
mutant. Auxin relative transport rate changes at 24 h post-treatment are shown. Seedlings
were treated with (A) TIBA or (B) naringenin, either in the presence or absence of E65. A
two-way ANOVA with a Tukey-Kramer multiple comparison post-test was used for statistical
comparison (p<0.05; n=15-25). Different lowercase letters indicate significant differences in

relative auxin transport rates. Graphs show mean and SD.
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Figure 5.22 Basipetal auxin transport in WT and cre?1 mutant roots in response to auxin
transport inhibitors at 24 h.p.i.. (A) TIBA, (B) flavonoids (A17 only) (3 uM) in the absence of
rhizobia, (C) quercetin (3 pM) in the absence and presence of E65. A two-way ANOVA with

a Tukey-Kramer multiple comparison post-test was used for statistical analysis in (A) and (C)

(p<0.05, n=20). A Tukey-Kramer multiple comparison test was used for statistical analysis

in (B).

Different lower case letters indicate a significant change in relative auxin transport.

Abbreviations: W, water; TIBA, 2,3,5-triodobenzoic acid; K, 3 uM kaempferol; Q, 3 uM

quercetin; H, 3 uM hesperetin; iL, 3 uM isoliquiritigenin; N, 3 uM naringenin. Graphs show

mean and SD.





















Table 5.2 Summary table showing the roles of different flavonoid aglycones identified in this study.

Differential Expressionof | Expression of
accumulation Rebcuelof Rescue of Rescue of genes leading | genes leading
Flavonoid between WT and nodulation acropetal auxin GH3:GUS to flavonoid to flavonoid
crefroots after ihicred transport response in cre1 synthesis synthesis
rhizobia inhibition in cre1 | nodule primordia induced by induced by
inoculation rhizobia cytokinin
Naringenin Yes! Yes Yes Yes Yes Yes
Isoliquiritigenin Yes? Yes Yes Yes Yes Yes
Quercetin Yes? Partial Yes Yes Yes Yes
Kaempferol No Yes Yes Yes Yes Yes
Hesperetin Yes? No No No Yes Yes
Chrysoeriol No Not tested Not tested Not tested No Yes
Morin No Not tested Not tested Not tested Not tested Not tested
Liquiritigenin No Not tested Not tested Not tested Not tested Not tested
Daidzein No Not tested Not tested Not tested Not tested Not tested
Formononetin No Not tested Not tested Not tested Not tested Not tested
Medicarpin No Not tested Not tested Not tested Not tested Not tested
Biochanin A No Not tested Not tested Not tested Not tested Not tested

G
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1 Differential accumulation between E65-inoculated WT and cre? mutant roots, but no significant induction in WT inoculated vs WT control roots
2 Differential accumulation in response to E65 inoculation, as well as between inoculated WT and cre1 mutant roots
3 Differential accumulation in response to E65 inoculation only in WT but not in cre? mutant roots
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Figure 5.23 Relative flavonoid abundance (free aglycones) in WT and cre 1 mutant roots in
control or E65-inoculated roots. The flavonoids shown here only represent those with
absolute quantitation data.

To conclude, our results suggest a model in which cytokinin signalling
(activated by Nod factor perception) via the CRE1 receptor leads to a transient
induction of flavonoid synthesis or release, which is required for local, acropetal
auxin transport inhibition and subsequent auxin accumulation in the initiating
nodule (Figure 5.24). Our current evidence points to naringenin and
isoliquiritigenin as the most likely candidates for flavonoids acting as auxin
transport inhibitors and IAA as the most likely active auxin induced during early
nodule development. Since the crel mutants is defective in the induction of a large
number of transcripts following Nod factor application (van Zeijl et al., 2015), it will
be interesting to determine in the future whether these gene expression changes are

also dependent on changes in flavonoid accumulation.
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General Discussion
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General Discussion
auxin transport data, which suggested a potential accumulation of auxin around the
Rhizobium-treated spot. Finally, auxin quantification via LC-MS/MS supported a
change in auxin concentration in response to Rhizobium treatment, possibly due to
a synergistic contribution by auxin transport and auxin synthesis (Figure 6.1).
Curiously, although an increase in DRS response has previously been reported in the
nodule primordia of L. japonicus (Suzaki et al. 2012; Takanashi et al. 2011), we did
not detect an increase in IAA concentration after Rhizobium treatment. Thus, we

speculate that IAA might not be the inducer of DRS5 in L. japonicus.

.\
Auxin transport
nhibitors
!
Changes in expression of Auxin transport
auxin synthesis genes inhibition A vransport
) t assay
Increased auxin ;
Reporter assay = Changes in auxin
concentration camer expression
LCMSMS - 7y ‘
Rhizobia Increase in
e
auxin transport

Figure 6.1 Complementary approaches to study auxin regulation of nodulation in
Medicago fruncatula. The regulation of auxin transport surrounding the Rhizobium
treatment zone was confirmed by direct measurements with radiolabelled auxin. Resulls
from reporter assays and transcript analyses of auxin carriers support data from
radiolabelled auxin measurements. Effects from Rhizobium-induced changes could be
mimicked by auxin transport inhibitors. An increase in auxin concentration thereafter was
confirmed by LC-MS/MS analyses and reporter assays. An induction of several auxin












LC-MSMS

TIR1/AFB | DIL-VENUS |

Figure 6.2 Comparison of various techniques to measure auxin transport and

concentration. Traditional GH3 and DR5-based reporters are activated following a complex
signalling pathway involving transcription, translation and feedback mechanisms. Auxin
input and the resulting GH3 / DRS output is not linear. LC-MS/MS, immunolocalisation and
fluorescent auxin analogs are direct methods for studying auxin concentration and transport,
with several distinct advanlages and disadvantages. The auxin biosensor, DII-VENUS
interacts with TIR1 / AFB and is degraded along with the AUX / IAA proteins at the
proteasome. It is not a direct method for auxin quantitation, but represents a tool which can
provide quantitative data with proper mathematical calibration. Future biosensors could be
based on FRET methods or RNA molecules
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General Discussion
on L. japonicus, but not alfalfa roots supports this idea about alternative signalling
pathways in different legumes (Kawaguchi et al. 1996). Taking evidence from
Chapter 5 into consideration, where the nodulation-defective crel mutant (which
still forms initial infection threads) failed to inhibit acropetal auxin transport, the
second explanation looks more plausible. Moreover, flavonoid-deficient roots of
M. truncatula, which failed to nodulate, also lost their ability to inhibit acropetal
auxin transport (Wasson et al. 2006). Thus, at least in indeterminate nodule-
forming legumes, auxin transport inhibition seems to be a positive cue for successful
nodulation. A possible experiment to test this would be to quantify auxin transport
changes in response to Rhizobium treatment in all known nodulation-defective
M. truncatula mutants, including all early mutants, such as nfp, nsp and nin. Auxin

transport control in these mutants should be abolished for this model to hold true.
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mediated regulation of auxin transport during nodulation

immunolocalisation experiments on these proteins could shed light on possible
changes in posttranslational activity. Alternatively, MtPIN:GFP reporter fusions

could be constructed.

%[pmz. PIN3, PINd, PING, PIN10 | v PIN1, PIN3, PIN4, PINS, PIN7,

| AUX1, LAX3

' |_Auzin response (GH3.DRS) K fcchs

i ,’ Auxin response (GH3, DRS) |
} Pericycie and cortical Modn

\ cell dmision [ geconiugation? } [ Pericycle cell division |
% 4 4

Figure 6.5 Cytokinin regulation of nodule organogenesis and lateral root initiation share
many similarities. Cytokinin is perceived by histidine kinases, which activate cytokinin
response regulators (RRs). In Medicago fruncatula, flavonoids are transiently activated /
released by cytokinin signalling. Flavonoids are involved in auxin transport regulation during
M. truncatula nodulation. So far, flavonoids are not implicated in auxin transport regulation
during lateral root initiation. The expression and activity of several PIN auxin carriers
change during both organogenic events, while the AUX1 / LAX auxin import carriers have
only been implicated in lateral root formation. In both cases, cell division is associated with
a positive auxin response in founder cells primed to divide to form a primordium. The IAA
synthesis genes (YUCs) were shown to act during nodulation in this study, while Masiguchi
et al (2011) demonstrated that YUCs positively affect lateral root numbers in Arabidopsis.
The role of auxin deconjugation in increasing auxin pools has not been investigated.
Abbreviations: CRE, Cytokinin Response; RR, Response Regulator; CKX, Cytokinin

Oxidase; HK, Histidine Kinase.
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General Discussi
function of all cytokinin receptors in L. japonicus completely abolished nodulation
(Held et al. 2014). The supplementation of flavonoids could have compensated for
the insufficient induction / release of flavonoids mediated by the primary cytokinin
receptor, CRE1. Moreover, it is unlikely that the cytokinin receptors in legumes
encode a nodulation-specific function, because replacement with an Arabidopsis

ortholog in a loss-of-function mutant completely restored nodulation (Held et al.

2014).
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2. Modified Fahraeus medium (for Agrobacterium rhizogenes transformation)

Chemical e J Stock conc. | Eigulmc.

Macroelements

Calcium chloride, CaCl, 0.9M 0.9 mM
Magnesium sulphate, MgSO, 0.5M 0.5 mM
Potassium dihydrogen phosphate, KH,PO, 0.7M 0.7 mM
Disodium hydrogen phosphate, Na,HPO; 04M 0.8 mM
Ferric citrate 20 mM 20 uM
Ammonium nitrate, NH;NO; IM 0.5 mM
Microelements

Manganese chloride, MnCl, 1 mg/ml 100 pg / L
Copper sulphate, CuSO;4 1 mg/ ml 100 pg / L
Zinc chloride, ZnCl, 1 mg/ ml 100 pg / L
Boric acid, H;BO; 1 mg/ ml 100 pg / L
Sodium molybdate, Na;MoO4 1 mg/ ml 100 g/ L
Agar (J3 grade) NA 10g/L

Kanamycin is added to autoclaved medium to a final concentration of 25 mg /1

3. Broughton and Dilworth medium (Broughton and Dilworth, 1971)

Chemical | Amount in 100 ml | Stock conc. ;
CaCL.2H,O 147 g
KH,PO, 68¢g
FeCitrate.H,O 026 g
MgS0..7H,O 6.2g
K80, 44 g
MnSO..H,O 16.9 mg
H;BO; 12.4 mg
ZnS0,.7H,0 14.4 mg
CuS04.5H,0 5.0 mg
CoCl,.6H,O 2.4mg
Na;Mo00,.2H,0 2.4mg
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- Targeted MS/MS product ion spectra of auxin

1. MS/MS product ion spectra of auxin metabolites in the positive ion polarity
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MS/MS product ion scans and spectra of auxin metabolites in the positive polarity with LC-
ESI-Q-TOF MS/MS using a 5 pg ml' commercial auxin standard mixture. Chromatograms
show the retention times of individual auxin metabolites. Product ion spectra show the

precursor ions and the three most abundant product ions for individual auxin metabolites.

2. MS/MS product ion spectra of auxin metabolites in the negative ion

polarity
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MS/MS product ion scans and spectra of auxin metabolites in the negative ion polarity with
LC-ESI-Q-TOF MS/MS wusing a 5 pgml' commercial auxin standard mixture.
Chromatograms show the retention times of individual auxin metabolites. Product ion
spectra show the precursor ions and the three most abundant product ions for individual

auxin metabolites.
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Appendix D - Targeted MS/MS product ion spectra of flavonoid

metabolites
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