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Abstract

The plant hormone auxin (Indole-3-Acetic Acid, IAA) is a key player in nearly every
aspect of plant growth and development ranging from cell division and cell elongation
to embryogenesis and root formation. The IAA level in specific tissues and cells is regu-
lated by synthesis, conjugation, degradation and transport. Especially long-range polar
auxin transport (PAT) has been the subject of numerous studies. The chemi-osmotic
theory predicts that intercellular PAT is caused by an asymmetric distribution of auxin
efflux transporters in cell membranes of transporting cells, resulting in increased local
membrane permeability for IAA. Members of the PIN gene family are generally consid-
ered to encode the postulated carriers. The objective of this study was to use the
chemi-osmotic theory in an experimental program aimed at describing and interpreting
long-range PAT data from mutants of the PIN gene family of Arabidopsis thaliana.
Therefore, we put the chemi-osmotic theory in a broader theoretical framework. We
find that the observed decrease in both auxin flux and transport velocity in pinl loss-
of-function mutants is not caused by decreased basal membrane permeability, as
would be expected according to the chemi-osmotic theory, but is an indirect effect
caused by a change in the dynamics of auxin transport due to a decrease in the expres-
sion of all four AUX1/LAX1-3 auxin influx carriers in pin1 mutants. On the basis of our
findings, we conclude that the exact role of PIN1 in long-distance PAT, as postulated

in the chemi-osmotic theory, should be reconsidered.

by the chemi-osmotic theory for polar auxin transport (PAT; Rubery
and Sheldrake, 1974; Raven, 1975; Su et al., 2022; Ung et al., 2022;

Over the past few decades molecular genetics of Arabidopsis thaliana
(Arabidopsis) have identified a class of proteins, the so-called pin-
formed (PIN) auxin transport proteins (Adamowski and Friml, 2015;
Naramoto, 2017). PIN's molecular structure and asymmetric intracel-
lular localization meet their role as auxin export carriers as predicted

*#These authors contributed equally.

Yang et al, 2022). This also correlates well with the direction of
observed auxin fluxes (Galweiler et al., 1998: Benkova et al., 2003;
Wisniewska et al., 2006). However, the problem with these interest-
ing studies is that they are merely based on correlations and not on
auxin transport measurements.

Furthermore, it has still not been resolved in mechanistic terms

how auxin transporters, in particular members of the PIN gene family,
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might facilitate PAT (Friml and Palme, 2002; Baluska et al., 2003;
Kramer, 2004; Luschnig and Vert, 2014). Recently, cryo-electron
microcopy structures of PIN1, PIN3 and PIN8 were published and
shed some light on the transport mechanisms of PINs (Su et al., 2022;
Ung et al., 2022; Yang et al., 2022). Concerning auxin transporters of
the AUX1/LAX1-LAX3 family, there is consensus that it consists
of auxin-anion transporters (Yang et al. 2006) that operate as sympor-
ters with one or more protons (Hertel 1983, Lomax et al. 1985, Kerr
and Bennett 2007, Dindas et al. 2018). Rubery and Sheldrake (1974)
assumed an effectively non-electrogenic transport in their original for-
mulation of the chemi-osmotic theory. Hertel (1983) suggested a
double-proton symport, which was subsequently experimentally
investigated (Lomax et al. 1985).

The complicating factor is that measurements of PAT in organ-
isms, organs, or tissues take place at the macroscopic level, which is,
at present, the only level accessible for reliable PAT measurements.
We should realize that we are also dealing with underlying processes
at the cellular (mesoscopic) and molecular (microscopic) level. In such
a situation, with multiple spatial scales, various interacting processes
and complicated spatial structures, like those encountered in PAT, log-
ical reasoning alone cannot fully unravel the consequences of changes
in the system. In particular, changes in dynamics are difficult to assess
in that matter. However, mathematical models of dynamics and their
simulations can be very useful. In this article, we will show how the
different scales, in our case in long-distance PAT, can be bridged and
the spatial complexity adequately reduced and how we used this in
interpreting PAT data from various pin mutants of Arabidopsis.

Multiscale mathematical models for auxin transport in various
plant organs have been developed by different researchers (e.g. for
the root tip: Swarup et al. 2005, Grieneisen et al. 2007, Band and
King 2012; see the latter for more examples and an extensive list of
references). For long-distance PAT in inflorescence stems, the seminal
work by Mitchison (1980) connects the mesoscopic to the macro-
scopic scale for PAT cell files, while Chavarria-Krauser and Ptashnyk
(2010) extended this to upscaling from a two-dimensional multi-cellu-
lar structure consisting of identical PAT cells, using asymptotic
analysis.

A quantitative model-based analysis of measured auxin fluxes
during long-distance PAT at the macroscopic scale of an Arabidopsis
inflorescence stem segment under well-controlled experimental con-
ditions was performed by Boot et al. (2016). They showed that during
long-distance PAT in inflorescence stems, auxin is located within the
vascular bundles, both in PAT cell files and surrounding tissues. It is
not yet clear in all detail where these files are located within the vas-
cular bundle, both in phloem and xylem. Contrary to the root tip, in
the case of PAT in inflorescence stems this uncertainty hampers a
bottom-up upscaling approach by asymptotic analysis that starts from
a detailed cellular model.

Hence, instead of investigating and comparing a multitude of pos-
sible cellular models in their effects at macroscopic scale through
asymptotic analysis, in the currently discussed work we took a top-
down approach starting from the experimentally validated macro-

scopic model. In this model, auxin content throughout the stem is

lumped into a limited number of compartments, each having particular
spatial extension, specific auxin transport characteristics in longitudi-
nal direction within them and having exchange of auxin between them
in transversal direction. Model parameters obtained from fitting the
model to observed PAT data sets characterize the overall auxin trans-
port behavior. Data sets from different well-defined experimental set-
tings showed relevant changes in particular (‘key’) parameters. The
strategy was then to interpret these changes by means of upscaling
only specific submodels at a smaller scale that are relevant to these
parameters.

To realize this, we started by studying the major theories/models
of PAT and finally selected the following three:

1. The chemi-osmotic theory, as originally put forward by Rubery and
Sheldrake (1974) and Raven (1975). This theory describes
and explains the unidirectional transport of auxin across interfaces
of cells in PAT channels, using microscopic parameters such as the
postulated auxin export carriers and where the driving force is
the proton-motive force. However, although this theory is the best
known, it falls short in explaining the dynamics of PAT at the mac-
roscopic scale.

2. The models published by Mitchison (1980) and Kramer (2002),
which we will call the MK-model, describe PAT in multicellular
PAT channels effectively as an advection-diffusion process. That
is, the transport of a solute is driven by the random collision of sol-
vent molecules (diffusion) combined with a directed movement
caused by a lasting force on the solute molecule (advection). They
derived equations for the advection velocity and diffusion constant
as function of the effective permeability constants (denoted as p
and g), however, without linking them to the chemi-osmotic
theory.

3. The model published by Boot et al. (2016), in which the authors
took the suggestion from the MK-model to describe the dynamics
of long-range PAT basically by an advection-diffusion process in a
continuum approach at the macroscopic level. The parameters of
this model were estimated empirically by optimal data fitting. In
this article we will call this model the BHL-model (Boot/Hille/Lib-

benga) for simplicity.

During the course of the present study, we integrated these theo-
ries/models stepwise into abroader Long-range PAT Theoretical
Framework (LPTF). The first step is outlined in Section 3.1, where we
used the BHL-model to interpret long-range PAT data from a broad
range of pin mutants of Arabidopsis, using the standard PAT assay as
described in Boot et al. (2016). We summarize the anatomical and
mathematical structure of the BHL-model in Box 1, because it formed
the background of the advection velocities as key attributes of PAT
presented in this section. We found that only PAT data from pinl
mutants showed lower advection velocities as compared to wild-type
plants and also a substantial reduction of the flux density of PAT.
Therefore, these pin1 mutants were singled out for a closer investiga-
tion. We reasoned that we probably could only understand these

aberrant transport profiles of the pin1 mutants, if we should approach
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them from a broader theoretical framework. Hence, the next step was
to integrate the three selected theories of PAT to get the LPTF
(Box 2) as described in Section 3.2. The LPTF turned out to be very
useful for interpreting PAT data. If supplied with a particular set of

microscopic parameters, the LPTF generates a set of macroscopic
parameters, among others, the advection velocity, which gives, using
the BHL model, good simulations of the PAT data. In Section 3.3 we
describe a reassessment of PAT data from pinl mutants using the

(A) Schematic stem anatomy (B) Lumped model representation Ca
Exchange with
/?\ donor well

]du ]dw ]dy

| =
]1 ad ]rad
[l vandz (area: Sy) " (Z) 2
] w (area: Sy)

1 v (area: ) ﬂ ﬂ;<ﬁ> x=1

]ru Jrw fry

Flux into
Nr receiver well

(C)  BHL-model differential equations

Longitudinal transport: Radial exchange: Immobilization: E Exchange with wells:
Diffusion | Advection :
1
a[u] a2[u] a[u] S : dCq
ot = v V5o “a[U]*’bg W] | —xqlU]+ (2] E Va—r = Jau = Jaw = Jay
1
aw] a2[w] Su | dN;
—_ = L — [U] — b[W =
ot W G2 +a S [U] W] E dt Jrut Jrw + ]ry
1
[y a2[y '
% = Dy [2] E Fluxes over donor boundary at x = 0
. v (i.e. Jaw Jaw and J4y) and over receiver
1
a[Z] _ + Kl[U] —12[Z] ! boundaryat x = L (i.e. Jrws Jrws ]ry)
at \ are defined in Panel D.

Initial conditions att = 0 (forall 0 <x <L):  [Ul(x,0)=0, [W](x,0)=0, [Y](x,0)=0, [Z](x,0)=0.

(D) Defining expression for fluxes (left two columns) and boundary conditions (right two columns) at x = 0:

Jau = PuSuCa = PauSulU1(0) = S, [—Du@m) + V[U](O)]
Jaw = P;WSWCd — P, SwW]1(0) = S, -—Dw%m)]
Jay = Py Ca =~ Py I1© = 5, |-0, 5 0)

Defining expression for fluxes (left) and boundary conditions (right) at x = L:
Jru = PLSUIL) = S, —Du&z](m + VU] (L)]
Jrw = PaSuWIL) = 0,5, 0 1)
Jry = R3S, Y1) = —Dysy%(w

Legend on next page.
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LPTF. This provided an unexpected explanation for the aberrant
PAT characteristics of the pinl mutants. Instead of a drastic
decrease of the microscopic parameter V representing the auxin-
anion carrier in the assumed shape of PIN1 proteins, we see a
drastic decrease of just the microscopic parameter representing
auxin-anion/H" symporters coded by the AUX1/LAX1-3 genes (Yang
et al., 2006; Carrier et al, 2008; Péret et al., 2012; Singh
et al, 2018), which are generally believed to prevent auxin from
leaking out of the PAT channels. This remarkable finding was sup-
ported by PAT data from an aux1/lax1-3 quadruple mutant, in which
all four auxin import carrier genes were knocked out. This quadruple
mutant showed PAT characteristics which were quantitatively simi-
lar to those of the pin1 mutant.

In addition, in Section 3.4 we describe that the expression levels
of the AUX1/LAX1-3 genes are substantially lower in pin1 mutants
than in wild-type plants.

The results section gives a more elaborate substantiation of the
successive steps as described in the above introduction. In this, we
could not avoid some applied mathematics, but the equations are
explained, while in most cases their derivation is given in the supple-
mentary material (SM). In the discussion, we will comment upon the
remarkable outcome of the present study. It shows that a deeper
understanding of the dynamics of PAT in the shape of the multiscale
LPT, on the one hand provided a ready explanation for the character-
istically aberrant PAT profiles of pinl mutants, while on the other
hand it raised a serious question as to the exact role of in particular
PIN1 proteins in long-range PAT.

2 | MATERIALS AND METHODS

21 | Plant material and growth conditions

For all experiments, Arabidopsis thaliana ecotype Col-0 or mutant lines
in that same background were used. Plants were grown on a mixture
of 9:1 substrate soil and sand (Holland Potgrond) at 21°C, a 16-hour
photoperiod, and 70% relative humidity. Seeds from pPIN1::PIN1:GFP
in pin1 mutant background and two different pML1::PIN1:GFP in the
pin1 background (line A and B) or one line in the pinl, pin4 back-
ground and the pinl mutant were provided by C. Kuhlemeier
(Kierzowski et al., 2013). The aux1, lax1,2,3 quadruple mutant was
described previously (Boot et al., 2016). pin3,4,7 triple-mutant seeds
were obtained from O. Leyser (Bennett et al., 2016; Waldie and Ley-
ser, 2018) and pgp1,19 double-mutant seeds were obtained from
A. Murphey (Blakeslee et al., 2007). pin5,6,8 seeds were provided by
E. Scarpella (Sawchuk et al., 2012).

2.2 | Polar auxin transport measurements

The first set of PAT measurements were performed as described
earlier (Boot et al., 2016). In short: the donor and receiver wells were
filled with MA medium supplemented with 10 mM MES (pH = 4.8).
Routinely, the donor wells contained 10~% mol/m*® (1077 M)
SH-labelled 1AA 3-[5(n)-2H] IAA, specific activity 25 Ci mmol~* (Sco-

pus Research BV). At regular time intervals receiver wells were

BOX 1 Summary of the BHL model (Boot et al., 2016) for long range polar auxin transport as a classical mathematical initial value - boundary
value problem in terms of a system of coupled partial differential equations (PDEs). (Panel A) Schematic presentation of the anatomical structure
of the stem segment (Co, Cortex; Ep, Epidermis; En, Endodermis; Pe, Pericycle; Ph, Phloem; Pi, Pith; Vb, Vascular bundle; Xy, Xylem). See
supplemental files for microscopy images of cross sections of a wild type and pin1 mutant plant. (Panel B) Lumped anatomy as employed in the
BHL-model. Four compartments are identified (U, W, Y and Z), where U is the totality of PAT cell files in which PAT occurs within the vascular
bundles. W is the complement of U in the vascular bundles. Y aggregates all parts outside the vascular bundles. These have cross sectional areas
Su,Sw and Sy, which are assumed to be the same at each location of a cross section, which is described by a coordinate x, with x=0 corresponding
to the part of the stem segment that is in contact with the medium in the donor well and x = L with that in the receiver well. Z is contained within
U and represents immobilized auxin. White arrows indicate fluxes of auxin: between donor and receiver well and the stem segment (Jyy, Jaw,Jay
and Jyy, Jw,Jry, respectively) and within the stem segment. Positive values refer to flux in the direction of increasing position x. The exchange flux
with the receiver well is taken as unidirectional (positive) from stem segment into the well, because experimentally, this well is frequently sampled
and refilled with neutral medium. Reflux from the well into the stem segment can hence be ignored. Within the stem segment, we distinguish
transport in longitudinal direction in U (indicated byJ'j"g), in W (by diffusion, not shown) and in Y (also by diffusion, not indicated) and transport in
radial direction, between the U and W compartments (J,4). The longitudinal flux contains the key parameter of the advective velocity V, which is
the auxin transport velocity. The radial exchange flux is represented in first-order approximation by key parameters a and b that represent the
exchange rates from compartment U to W and from W to U (see main text, and Panel C). Immobilization and remobilization of auxin within the U
compartment is described by rates k1 and k5, respectively. (Panel C) The BHL model is mathematically structured into four PDEs for the variables
[U], [W], [Y] and [Z]. These represent the average total concentration of (labelled) auxin (i.e. that of auxin in anion and protonated form combined)
in the respective compartments in a cross section at location x and time t: [U] = [U](x,t), etc. D,, Dy, and D, denote the effective diffusion
constants of auxin in the compartments with diffusive transport. There are two additional ordinary differential equations for the concentration of
auxin in the donor well (C,) and the total amount of IAA accumulated in the receiver well (N,). At the start of the experiment, t =0, no labelled
auxin is present in the stem segment yet. So, initial conditions for all four variables were set to zero. PDEs must be complemented by boundary
conditions (BCs, panel D) at the two boundary points x =0 and x = L of the spatial domain 0 < x < L, since different BCs typically yield different
solutions. The BCs are formulated in such a way that the total flux over the boundary (the J4,,J4w, €tc., defined by the expressions in the middle
column) equals the mathematical expression for the (advective-diffusive) flux in the spatial domain as given by the PDE at the boundary point
(right-hand column). The boundary fluxes Jy,,Jaw, €tc., are expressed in first-order approximation in their dependence on auxin concentrations.
Thus, they are characterized by permeability constants P, (etc.) from well into stem segment and Py, (etc.) from segment into well. V is the
volume of the donor well, which is 1 x 107¢ m? in all experimental set-ups (measured).
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(A) Decomposition of total auxin flux over a single membrane (microscopic scale: ~ 10 nm)
internal (i) _ ‘ + external (e)
AH < > AH Jan = Pay([AH); — [AH],)
-1ls l _~ acidity constant Transport of protonated auxin
R al+ K g
_ 3 § a Transport of auxin anion
H* s 8|1+ )28 A/H ' co-transport, essentially insensitive to electric field:
JO = kY ([AL[HT) — [A7][H).)
+ N ar = kY- - Ka([AH]i — [AH]C)
A i + A- Anion-transport, sensitive to electric field:
se EF/RT — — —EF/RT
<—”—”->. TEN = Pa- e (A7) — [A7 e BF/RT)
d)< - i ?c
electric potential ~ membrane potential: Vpar = ¢i — ¢ (E = 2Vpy = —Vpr)
Expression for total auxin flux over membrane: (apparent permeability P,y = Pay + k. K,)
A
5 EF/RT - -1 ,—EF/RT
J = Pap([AH); — [AH]e) 4+ Pa- ——Frmr ([A7]i — [A7 e )
(B) Cell-to-cell auxin transport model (microscopic scale —apoplast thickness: ~ 2 um)
Total auxin flux ~ Basal Apical [ U-compartment
(as in Panel A): i
over radialpa)rt B + S*!de [ W-compartment
of membrane - __ " + [ Apoplast
- + 01 [ Plasma membrane
n ‘\ [\
Total auxin Cell n - B1 4 | >3 / Cell n+1 | Cell within PAT cell file
concentration — — a.b S Pl .a
(basal side) AN Bz . B4 _ ‘ An+1 "~ Total auxin concentration
b (apical side)
Total auxin flux - ]n - L | - ]1?+1
. . + \\
(basals:de% _pH 4 -_- ) PH~5 _ PH~7 T 1otal quxin flux
Diffusive 5 & & 5 & + P (apical side)
transport in
cytoplasm A(x) Diffusive transport in apoplast:
\ Auxin concentration gradient
x=0 x=h
Total net auxin fluxes decompose into unidirectional fluxes as indicated:
a _ a rad _— b
J2 = Bial — BLA0),  Jis1 = BsA(h) — Baagiy, 74 = Paan — Bs[W].
(C) Bridging of scales in the Long-distance PAT Framework (LPTF)
Scale i Key parameters i Relation of parameters across scales
________________________________________ g g P g i S M
i i Apoplast thickness: ~2um) 1 P, .. i _ -
Microscopic (Apop um) i Paw: apparent VB = Pan(1—f) + Py f.BE Lo
| n-A AN \  permeability for AH
\p}“? Bs By I ] = . b p EF e BF/RT
NI VPO o i v B2 =Pan(l=fo) + Pi-fagr t5—wwrmr
Leenn] « g g « [comnit] | © A apicalside .
ab € S o i permeability for 4\ By — Pyp(1— f,) + PO f,BE T
n aniq : : M3 AH a A-JaRT 1_¢—EF/RT
| P bosalside 4 b ) b P g ke
fes fa © fraction of auxin as anion (cytoplasm/apoplast) | permeability for 4= | ’ ’ ! RT 1-e=BF
———————————————————————————————————————— e
MeSOSCOPIC (Single PAT cell: £~ 80 Hm)i P: increased basal i
(MK-model) —  — ! membrane '
Dby - by Intracellular permeability i
g — «|— diffusion (D) ! G : symmetric H
. ; ; H transport :
File of identical b . t . .
PAch;//s ~ Jiot = pay, + q(ag 1y —ay) | permeability !
________________________________________ P SR
Macroscopic (Stem segment: L = 16 mm)i V: auxin transport i i
(BHL-model, see Box 1) i velocity i V= p+2q+(2D/E) T
] vandz ' : radial exchange |
B ow @ > i rate; UtoW | _3 S0 b— B S°
0y ' bh:same WtoU | a_‘li )_“:}S_w
BOX 2 Legend on next page.
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emptied and replenished by fresh medium. The incubation time was
usually 300 min. For the extended PAT measurements, the donor
wells containing *H-IAA were replenished after 300 min with MA
buffer without 3H-IAA. Samples were drawn from the receiver wells
for an additional 300 min. Radioactivity of the samples was measured
in an LKB liquid-scintillation counter. For determining tissue profiles,
segments were cut into 4-mm-long pieces and transferred to scintilla-
tion liquid.

For the second set of PAT measurements a parallel batch of stem
segments was run alongside the experimental set. The incubation time
was standard 300 min. One part of the two sets was used for deter-
mining the tissue profile, the other part was used for determining the
amount of immobilized IAA.

2.3 | TLC analysis of immobilized IAA

The middle 4-12 mm parts of the parallel batch of stem segments
were ground in liquid N, and extracted twice with 100% ethanol.
After centrifugation (10 minutes at 20.000 g) the supernatants were
dried in a speedvac and resolved in a small volume of ethanol. Sam-
ples were spotted on silica gel60 F254 fluorescent aluminum TLC
plates (Merck) and separated in a solvent containing n-hexane:ethyla-
cetate:isopropanol:acetic acid (40:20:5:1, v/v). After running, the TLC

plate was divided into nine 1.5-cm sections, which were cut off and
added to liquid-scintillation vials and counted in an LKB liquid-

scintillation counter.

24 | Anatomy of the inflorescence stem

To determine the parameters S (the cross-sectional area of a stem
segment) and S,;, (sum of cross-sectional areas of vascular bundles),
transverse sections from the basal part of inflorescences of Arabidop-
sis were made with a table-bench microtome at a thickness of 150 um
and mounted on a glass slide in water. The sections were then photo-
graphed using a Zeiss Axioplan Imaging upright light microscope (Carl
Zeiss), equipped with a Zeiss Axiocam MRC 5 digital camera. By cut-
ting and weighing images of the sections the percentage of S, per

stem segment was determined.

2.5 | RNA solation and RT-qPCR analysis

RNA was isolated from basal inflorescence stem segments using the
RNEasy© kit (Qiagen). First-strand cDNA was synthesized using
the RevertAid RT Reverse Transcription kit (Thermo Fischer Scien-
tific). Quantitative PCR was performed on three biological replicates

BOX 2  Structure of the multi-scale Long-distance PAT Theoretical Framework (LPTF). Models of auxin transport at various spatial scales are
combined in the LPTF: that of plasma membrane (PM) transport, cell-to-cell transport through the apoplast, PAT through the multi-cellular cell
files of the Mitchison-Kramer (MK) model, and finally PAT through the inflorescence stem segment in the donor/receiver well experimental
configuration as represented by the BHL-model, summarized in Box 1. Central in LPTF is the principle that auxin fluxes over membranes must be
decomposed in the transport of the auxin anion and that of the protonated form (Panel A), because of the presence of an electric field over the
PM that influences transport characteristics of the anion, and the existence of different types of auxin anion carriers. For example, the AUX1/
LAX1-LAX3 carriers, evenly distributed over the membrane, are supposed to be anion/H" co-transporters, while the PIN1 proteins, concentrated
at the basal PM, are possibly anion/Na™ antiporters (Yang et al., 2022). The total flux density J (mol/m?Z.s) of IAA (anion and protonated form
together) is decomposed into the flux density Jay of the protonated form and that of the anion form. The latter is split into a part J;' that is
sensitive to the electric field related to the membrane potential, Vpy (~ 120 mV; Raven 1967), and a part that is effectively insensitive due to
electrically neutral symport, J3> . Each of these flux densities has a different expression as function of the concentration of the various auxin
species on either side of the PM (Panel A). The expression for J;"" follows Raven (1975). That for J3 is a first order approximation of a generic
expression for symporters, derived in Sanders et al. (1984), in which, in its second formulation, the assumption of fast balancing between anion
and protonated form according to the acidity constant K, and local pH is used (see supplemental files for details). A key observation is, that the
second expression for J32 is apparently that of transport of the protonated form. Thus, the total auxin flux density over the PM is characterized
by an apparent permeability P4y (m/s) for the protonated form as indicated, and a permeability P4~ for the auxin anion. According to the chemo-
osmotic theory for PAT, IAA is transported from the n-th cell in the PAT cell file to the next cell (numbered n+ 1) through the intermediate
apoplast (Panel B). The totality of PAT cell files in the vascular bundles form the U-compartment in the BHL-model (recall Box 1). Total net
transport fluxes Jﬁ and J; , of IAA through the basal and apical PMs are each modelled as in Panel A. Their expression can be split, conceptually,
as indicated in Panel B, as a difference of two unidirectional fluxes that are proportional to the total auxin concentration close to the PM at the
side of departure of the flow, with proportionality constants j, to ,. A similar decomposition is used for the total radial flux of auxin from the
cytoplasm of the PAT cell file to the neighboring tissue, the W-compartment in the BHL-model. Panel C provides the explicit expressions for the
B, which include the physical universal gas constant R, Farday's constant F, absolute temperature T and the fractions f. and f, of auxin in anion
form in cytoplasm and apoplast, respectively. The apical side permeability of the PM for the anion, P4- (1.5x1078 m/s), is taken as a fixed basal
level, applying to the radial part of the PM too. The basal side permeability Pfr is assumed larger than P$-, due to the presence of PIN1 proteins.
The apparent permeability for the protonated form, Py, is assumed the same for all parts of the plasma membrane, corresponding to the
homogenous distribution of AUX1/LAX1-LAX3 carriers. The threefold PM-apoplast-PM barrier can be reduced to an effective single barrier as in
the MK-model, which has key parameter p for the effective increased basal permeability in terms of total IAA concentration and a diffusion-like
non-polar effective transport characterized by a parameter q. They can be expressed in $; to 3, of the microscopic model as indicated (see SM for
details). The key parameters in the BHL-model, auxin transport velocity V and the total auxin exchange rates a and b from U- to W-compartment
and vice versa, can then be expressed in the g, to 4 as well, using the auxiliary mesoscopic parameters p and g, as indicated (again, see SM for
details). The LPTF consists of the thus obtained totality of relationships and dynamic models at different scales.
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along with three technical replicates using the SYBR-green dye pre-
mixed master-mix (Thermo Fischer Scientific) in a C1000 Touch©
thermal cycler (BIO-RAD). CT values were obtained using Bio-Rad
CFX manager 3.1. The relative expression level of genes was calcu-
lated according to the 2722t method (Livak and Schmittgen, 2001).
Expression was normalized using the p-TUBULIN-6 gene. Three
biological replicates were performed, with three technical replicates

each. The primers used are described in Table 5 of the SM.

2.6 | Mathematical model

For the interpretation of the data, we used the mathematical BHL-model
that we developed in our previous paper (Boot et al., 2016). We identified
four modes of behaviour for the labeled IAA and distinguished equally
many tissue regions within the inflorescence stem segment for the loca-
tion of IAA (called ‘compartments’): the U-compartment contains the
polarly transported IAA; the W-compartment contains the free I1AA
that is transported simply by diffusion; the Z-compartment immobi-
lized IAA (no transport) and the Y-compartment contains any IAA that
is isolated from the transport system and located outside of the vas-
cular bundles (see Box 1 for a summary and supplemental material for
details). The model describes how the average concentrations [U],
[W], [Y] and [Z] of labelled IAA in each of the corresponding compart-
ments change in time t along the stem segment of length L at position

x from the end of the segment that is in the donor well (O<x=<L).

2.7 | Numerical simulation and data fitting

Numerical simulation of the partial differential equations was per-
formed in the COMSOL Multiphysics 4.2a finite-element package
(version 4.2.1.110) using the generalized-alpha time-dependent solver.
For adequate resolution of the dynamics near the boundaries, the
finite-element mesh was manually refined at both boundaries. As a
linear solver we used Direct1 (PARDISO). Computations ran in COM-
SOL Server 4.2a, coupled to MATLAB R2008b (version 7.7.0.471)
through the ‘Livelink for MATLAB’ interface. Parameter optimization
algorithms were implemented in MATLAB, using COMSOL as solver
for the system of partial differential equations.

The total quality of fit for a simulation in comparison to all differ-
ent types of observations made (transport profile, tissue profile and
IAA immobilization) has been expressed in terms of relative quantities
for the quality of fit for each of these three types separately, because
the corresponding observables have different ‘nature’, hence physical
dimension, and order of magnitude. Fair comparison can then be
made only through relative quantities.

The comparison of the transport profile in PAT or extended PAT
experiment to simulation was quantified as the square root of the
sum over all measurement time points of the squared difference
between observed and simulated amount, divided by the total amount
of auxin transported at the end of the experiment. Similarly, the quan-

tifier of fit for the tissue profile is the square root of the sum of
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squared differences between simulation and observation of the total
amount of auxin in the 4-mm-long sub-segments used in the determi-
nation of tissue profiles at the end of an experiment, divided by the
total amount of auxin present in the tissue. The first 4-mm segment
was ignored, because the amount of auxin that ends up outside the
transport system (in the so-called ‘Y-compartment’) is considered an
artifact of the way the donor side of the stem segment is exposed to
auxin, rather than a characteristic of PAT, in which we are interested.
Finally, the amount of immobilized IAA in the middle 4-12-mm part of
the stem segments as obtained through the additional TLC analysis in
the second set of PAT measurements is considered relative to the
total amount of IAA in this middle part, resulting in the immobilization
ratio. The total quality of fit is then the sum of the indicated relative
quantities for transport and tissue profile in the first set of PAT mea-
surements and the sum of all three in the second set of measure-
ments. The resulting function we call the cost function.

After manually initializing the fitting, automated optimization of the
cost function was done on the COMSOL-MATLAB-coupled software
platform. We used the Gradient Descent Method, where the step size is
determined by linear search in negative gradient direction to increase
rate of convergence. The Golden Ratio method was used to find an
approximation of a minimum of the cost function during linear search.
Optimization was stopped when the cost function dropped below the
threshold of acceptability of 6%. The resulting fit we call optimal.

2.8 | Statistical analysis

Statistical computations on the first set of PAT measurements were made
in RStudio, version 1.4.1106. For all tests a standard confidence level of
5% was taken. Clustering of the various wild-type and mutant batches of
plants was done on the hypothesis of having the same mean value for
the log-transformed values of the fitted transport velocity V. It was made
by inspection of a boxplot of the log-transformed values for each indi-
vidually examined stem segment per batch, assisted by the results of
pair-wise Tukey post-hoc analysis on the batches. For each visually
defined cluster the hypothesis of having the same mean logV-value
was tested by means of one-way ANOVA. Then, for each visually
defined cluster any single batch outside this cluster was added and
the one-way ANOVA test was applied to the thus extended cluster. If
all the extended clusters could not confidently be considered to be a
cluster of batches with the same mean log-velocity value as the origi-

nal cluster, then the latter was considered definitively to be a cluster.

3 | RESULTS

3.1 | Interpretation of PAT data from a broad
range of pin mutants within the context of the
BHL-model

The family of PIN proteins in Arabidopsis consists of eight members,
which can be divided into two groups: PIN1, PIN2, PIN3, PIN4 and
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PIN7 having a long central cytosolic loop, which are located at the
plasma membrane (PM), and PIN5, PIN6 and PIN8 with a short(er)
central cytosolic loop, which are located at the endoplasmic reticulum
(ER), although PING is also present at the PM (Kfecek et al., 2009;
Ditengou et al., 2018; Abdollahi Sisi and Ruzi¢ka, 2020). Since PIN2
expression is regarded as mainly root-specific (Li et al., 2015), we
excluded it from our analysis and restricted our experiments to the
other seven shoot-expressed PIN genes. Even though PIN5,6 and
8 are located at the ER and are assumed to play a role in intracellular
auxin regulation, they were included in our analysis as well.

In addition to the wild-type controls, we analyzed PAT in inflores-
cence stems of the pinl and pin3 single mutants, and of the pin3,4,7
(Bennett et al., 2016; Waldie and Leyser, 2018) and pin5,6,8 (Sawchuk
et al., 2013) triple mutants. The pin1 mutant has an aberrant needle-like
inflorescence (Okada et al., 1991) and in this respect is different from
the other mutants, which all have a more or less wild-type inflorescence
phenotype. We also included inflorescence stem segments (ISS) from the
following complemented pin mutants with a wild-type inflorescence phe-
notype: 1) pPIN::PIN1:GFP/pin1, where a functional PIN1:GFP fusion is
expressed under the PIN1 promoter in the pin1 mutant background, 2)
pML1::PIN1:GFP/pin1, where the PIN1-GFP protein is expressed in the

pinl mutant background under the L1 layer-specific pML1 promoter,
and 3) pML1::PIN1:GFP in the pinl, pin4 double mutant background.
Especially the latter two lines are interesting, as they do develop normal
inflorescences, whereas PIN1 is not expressed in the vascular bundles of
the inflorescence stems, where the long-distance PAT takes place
(Kierzkowski et al., 2013). In addition, we included the pgp1,19 double
mutant in our analysis. Both PGP1 and PGP19 belong to the
P-glycoprotein multidrug resistance and ATP-binding cassette subfamily
B of putative auxin transport proteins (Geisler and Murphy, 2006). This
pgp1,19 mutant line has strongly reduced inflorescences.

We made full model-based simulations of efflux and tissue pro-
files from either standard or extended PAT donor-receiver assays. The
simulations were performed using the transport profiles of each indi-
vidual ISS in a batch, which usually contained nine ISS.

Figure 1 shows an example of an efflux and tissue profile of an
individually measured ISS from a wild-type reference batch of Arabi-
dopsis plants. For PAT measurements, these stem segments were
placed in the assay in the polar (apical to basal) orientation. As
expected, no PAT could be measured when stem segments were
placed in the reverse orientation (Figure 1) or when the PAT inhibitor
NPA was added to the donor well (Boot et al., 2016).
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FIGURE 1

Example of a tissue profile of a wild-type stem segment. The graph shows the IAA tissue profile of a 16 mm long basical part of

an Arabidopsis inflorescence stem, after 300 min of exposure to tritium-labelled IAA, cut into 1.2 mm sections. Placement of segment in polar
orientation (dark green) and reverse (light green). The inset shows the efflux profile of this stem segment (left). Routinely, in standard essays, we
use a tissue profile consisting of four 4 mm sections. An example of such a profile is shown in the inset (right), which is computed from the

detailed profile.
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Since all simulations were performed within the context of the
BHL-model, we give a summary of that model in Box 1. It shows both
a presentation of the anatomical context (Panel A and B) and the
mathematical structure (Panel C and D) of the BHL-model. A full
account of the development of the BHL-model and its experimental
validation is given in Boot et al. (2016). See also supplemental mate-
rial, Section 1. With respect to PAT, the most fundamental part of the
BHL-model is the longitudinal flux of auxin through the U-compart-
ment, which represents the tissue region of the stem segment that
contains IAA that is polarly transported (see Box 1, Panel B). This polar
transport flux in longitudinal direction may be written as:

Jo" (xt)=—Dy aa[i” (xt) Sy +V]U](xt)Su, 0<x<L, (1)

where D, is the diffusion coefficient of auxin in the U-compart-
ment, S, is the cross-sectional area of the U-compartment and V is
the advection velocity. This equation is related to the first terms in
the partial differential equation (PDE) in Box 1, panel C, describing the
change over time of the concentration [U] of auxin in the U-compart-
ment, and which represents the suggestion made by Mitchison (1980)
and Kramer (2002) that PAT may be best described by an advection-
diffusion equation in a continuum approach at the macroscopic level.
Another important flux equation describes the radial exchange of
auxin between the U- and the W-compartment of the BHL-model (see
Box 1, panel B and C). However, its importance can be best explained
in the next section.

The key attribute to PAT in Equation (1) is the advection velocity.
We reasoned that if the family of PIN proteins represent the specific
auxin-anion carriers, as postulated in the chemi-osmotic theory, then
we should expect that in the selected knock-out pin mutants the lon-
gitudinal transport of auxin would relapse into simple diffusion so that
in principle in such mutants no PAT will be detected in the experimen-
tal bioassay. Therefore, in the interpretation of the experimental PAT
data, we focused on the advection velocities. In total 19 batches, each
containing typically 8-9 ISS individually measured once, from either
wild-type or mutant plants were analysed using the BHL-model
(Figure 2, further details in supplemental material, Table 4).

We took the advection velocities for statistical analysis from the
parameter list of each of such batches. In the fitting procedure for
the BHL-model we have experienced that the quality of fit is sensitive
to the value for V. Thus, auxin transport velocity is well-determined
by the PAT data, with an estimated relative error of about 5%
(Section 3.3 for further discussion). Our objective was to test the null
hypothesis that plants in all batches have the same auxin transport
velocity, or - phrased more formally - that the mean advection veloci-
ties V in all 19 experimental batches are the same.

To this end we performed a one-way ANOVA. This test assumes,
in addition to the assumption that all observations are independent,
which was readily satisfied, the following: the values are normally dis-
tributed within each group (in our case within each batch) and the var-
iances in each batch are equal, and there are no outliers in any batch.
We found, using a Shapiro-Wilk test for normality on each of the

batches and a Levene's Median Test (following Hines and O'Hara
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Hines (2000)) for equal variances among the batches, that both condi-
tions could be satisfied if we used log-transformed V values. This
result was supported by a one-way ANOVA on the log-transformed V
parameter values to evaluate if the mean is the same among all
batches, consisting of ISS from wild-type and mutant plants. It turned
out that mean advection velocities were significantly different
between the batches (F(18,138) = 19.18, p =4.12 x 10~2?, generalized
eta squared =0.71). A visual inspection of the boxplot in Figure 2A
confirms this.

The next step was to examine whether the batches may be clus-
tered such that the log-transformed V values associated with each
batch have the same mean. To this end, we used a Tukey post-hoc
analysis. Inspection of its output indicated four potential clusters of
batches on each of which we performed a one-way ANOVA to test
the hypothesis that within the potential clusters the batches may be
considered to have the same mean (log-)advection velocity. There was
no reason to reject this hypothesis. In all the statistical analysis tests,
we used a confidence level of 5%.

In Figure 2B we show that we could distinguish four clusters:
Clusters | and Il comprise plants that have a wild-type phenotype and
a wild-type advection velocity, with an average of 4.5 x 10~ ms~?!
and 3.5 x 107® ms~* (1.6 and 1.3 cm.hr.™%), respectively. Besides true
wild-type plants used in this study, Cluster | also includes the pPIN::
PIN1:GFP/pin1, which can be considered to be a control wild-type line
for all the other single and multiple pinl mutants containing the
pML1::PIN1:GFP construct. Mutants that left the PIN1 gene intact,
such as pin3, pin3,4,7 and pin5,6,8 also belong to the wild-type Clus-
ters | and Il. Interestingly, Clusters Il and IV with significantly lower
advection velocities, with an average of 2.7 x 10~°ms~ ! and 1.9 x
1074 ms~* (1.0 to 0.7 cm.hr.” %) respectively, were exclusively occu-
pied by all the single and multiple pin1 mutants consisting of pML1::
PIN1:GFP/pin1, pML1::PIN1:GFP/pin1, pin4 mutant lines and the pin1
single mutant and the pgp1/pgp19 double mutant lines. Although the
advection velocities in Clusters Ill and IV are somewhat lower than
those of Clusters | and Il, they are still well within the range of trans-
port velocities of 1.4 x 10 ms™? to 5.5 x 107® ms~ 1 (0.5 to 2.0 cm.
hr.”%) that were found by Kramer et al. (2011) after compiling data
from 119 (non-model based) estimates of PAT velocities from 35 dif-
ferent plant species resulting in a median velocity value of 1.75 x
107° ms~*(0.63 cm.hr. %),

The conclusion we were compelled to draw from the above results is
that none of the pin1 mutants have advection velocities near zero. There-
fore, in view of the chemi-osmotic theory, there should still be a basal
increased membrane permeability for the auxin anion in order to have
PAT. However, the average auxin transport velocity is significantly lower
in the Clusters Ill and IV, which exclusively contain plants with mutant
pin1 genes. A model is needed to quantify and understand the possible
origins of this reduction in velocity. Therefore, we singled out these pin1
mutants for a further study aimed at a better understanding of the rela-
tionship of PIN1 proteins in the chemi-osmotic theory and the nature of
advection velocities as key attribute in the BHL-model. This led to the
development of the multi-scale Long-distance PAT Framework (LPTF),

which integrates the BHL-model, MK-model and the chemi-osmotic
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[1]  wt 4.08 0.76
[12] pPIN::PIN1:GFP/pin1 4.49 0.97
[14] pin 3,47 4.88 1.0
[19] pin5,6,8 4.63 0.78
Grand Average 4.52 0.78

Cluster Il (blue)

Plant type Average V St.dev.
[2]  wt 3.47 0.54
[3]  wt 3.38 0.54
[4]  wt 3.09 0.61
[9] pin3 3.63 0.71
[10] pin3 3.94 0.7
[11] pin3 3.36 0.57
[13] pin 3,47 34 0.27

Grand Average 3.47 0.56

Cluster 11l (purple)

Plant type Average V St.dev.
[71  pML1::PIN1:GFP/pinlline A  2.86 0.83
[8]  pML1::PIN1:GFP/pinllineA  2.89 0.57
[15] pin1 2.56 0.26
[16] pML1::PIN1:GFP/pinl,pin4 2.51 0.5
[17] pgpl/pgpl9 2.49 0.29
[18] pgpl/pgpl9 2.66 0.41
Grand Average 2.66 0.48
Cluster IV (yellow)
Plant type Average V St.dev.
[5]  pML1::PIN1:GFP/pinllineB  1.84 0.36
[6] pMLI1::PIN1:GFP/pinllineB  1.92 0.32
Grand Average 1.88 0.34

FIGURE 2 Clustering of mutants according to auxin transport velocity. A Boxplot of the four groups subdivided according to the 10-base
logarithm of their velocity V (expressed in ms~2) after simulation of their PAT data with the BHL model. Small circles represent weak outliers.
Typically, 8-9 individual ISS have been measured once per batch (supplementary files, Table 4 for further details). (B) Summary statistic of the
four different clusters with different advection velocities V, expressed in 1x10~°ms 2, that could be identified based on statistical analysis as

described in the Main Text. Batch numbers are indicated in brackets.

theory and which includes microscopic parameters that can be related to
mutations. This framework and a multiscale analysis of experimental PAT
data within the LPTF will be presented in the next two sections.

3.2 | The multi-scale Long-distance PAT
Framework (LPTF)

The experimental PAT data sets are obtained for 16-mm long

inflorescence stem segments in the controlled set-up of an IAA

donor - receiver well configuration in a Petri dish (see M&M). The
BHL-model has been developed and experimentally validated to
identify a minimal number of regions with the stem segment (the
four model-compartments U, W, Y and Z) and associated auxin
transport characteristics for the IAA within, to describe adequately
the measured auxin flux through the segment (Boot et al. 2016).
Key parameters in this macroscopic model are the auxin transport
velocity, visible as the advection speed V in the model, and the
parameters a and b that control the rate of exchange of IAA between

the PAT files (U-compartment) and the surrounding tissue in the
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vascular bundles (W -compartment), see Box 1 and supplemental
material for details.

Comparison of fitted parameters sets for PAT data of wild type
plants with those of pin1 mutants yields shifts in the key parameter
values. In order to interpret these shifts in macro-level parameters, we
need to relate these parameters to physiological processes at the spatial
scale at which the PIN1 protein functions. This scale is that of transport
over the plasma membrane, roughly 10 nm thick, in the PAT cell files.

In-between these scales is that of cell-to-cell transport of I1AA.
This “mesoscopic scale’ has been captured in the well-established
MK-model (Mitchison 1980, Kramer 2002), to which we want to
relate. The purpose of the LPTF is to provide a mathematical model-
ling framework that bridges these scales with a minimal - but
adequate - level of complexity of the model description. In this the
key parameters at the macroscopic level of the stem segment are
related explicitly, mathematically, to the key parameters of auxin
transport at the microscopic level of parts of the plasma membrane.
Key parameters are the auxin transport velocity V and radial exchange
rates a and b that characterize the exchange of auxin from U- to
W-compartment and vice versa. Thus, the obtained expressions allow
to interpret changes in macroscopic parameters as changes in micro-
scopic parameters, which in turn correspond to physiological changes
caused by the mutations.

IAA is a weak acid. Therefore, the acidity on either side of the
membrane determines the fraction of IAA that is in anion form. It can
be computed through the acidity constant of IAA (Mitchison, 1980):

AT)[H"]

_ _ -5
Ko="papg —1:58%10°°M. (2)

Central in the framework at microscopic level is the systematic
treatment of auxin fluxes over membranes as being decomposed in
the transport of the auxin anion A™, and that of the protonated form
AH (Box 2, Panel A). These have different transport characteristics.
The presence of an electric field over the cell membrane, related to
the membrane potential Vpy (~ —120 mV; Raven, 1967), influences
the transport of the auxin anion. Moreover, there are various types of
auxin anion carriers located at different locations in the membrane.
For example, the AUX1/LAX1-LAX3 carriers, evenly distributed over
the membrane, are supposed to be A"/H" symporters that transport
the anion together with one or more protons in the same direction
(Hertel 1983, Lomax et al. 1985, Yang et al., 2006; Carrier et al., 2008;
Péret et al., 2012; Sing et al., 2018), while the PIN1 proteins, concen-
trated at the basal cell membrane, are thought to be anion carriers,
possibly anion antiporters (Yang et al., 2022).

Close inspection of the experimental evidence brought forward
for a two-proton stoichiometry for the AUX1/LAX1-LAX3 carriers
(Hertel 1983, Lomax et al., 1985; conducted in zucchini membrane
vesicles) is insufficiently conclusive to support the two-proton
assumption. We deem the experimental system not sufficiently well-
defined and intrinsically complex in its auxin and proton transport
dynamics. Although Lomax et al. (1985) argue for a two-proton sym-

port in the discussion, they do so with some reservations.

Rubery and Sheldrake (1974) take a non-electrogenic transport as
assumption. In accordance with our objective of putting the chemi-
osmotic theory in a broader theoretical framework and the reserva-
tions for the two-proton symport, we follow Rubery and Sheldrake in
the simpler assumption of an auxin-anion / single-proton symport
model for the AUX1/LAX1-LAX3 carriers.

Auxin in protonated form is electrically neutral and can diffuse
through the membrane, insensitive to the electric field (with flux den-
sity Jan). The co-transport of anions and protons, e.g. by proteins of
the AUX1/LAX1-3 family, is electrically neutral and therefore may be
considered essentially insensitive to the electric field (with flux density
J32). Instead, the transport of IAA anions by PIN1 proteins, is sensitive
to electrical fields (with flux density J5").

We use a first-order description for each of these three fluxes in
terms of the concentrations of protons and IAA species on either side
of the membrane (Box 2, Panel A). Accordingly, Jay is characterized by
the membrane permeability Pay (m/s) for IAA in protonated form. The

H 1sen
expression for J3”

involves factors depending on the membrane
potential. It follows Raven (1975) and is essentially the celebrated
Goldman-Hodgkin-Katz current equation from electrophysiology
(Goldman, 1943; Hodgkin & Katz, 1949). The key parameter for this
type of transport is the membrane permeability P5- for the IAA anion
in absence of the electric field (when Vpy = 0). The expression for the
proton-co-transport of the IAA anion, J3?, is a first order approxima-
tion of the expression for symporter transport obtained by Sanders
et al. (1984; supplemental material, Section 3).

Under the assumption that equilibration of the IAA anion and its
protonated form is fast compared to the membrane transport pro-

cesses, Equation (2) in the form of

can be used to rewrite the expression for J5> to a form that resembles
that for Jay. That is,

> =ka’ Ka([AH]; — [AH],)

(Box 2, Panel A). Thus, model-wise, the A~/H" co-transport may
be viewed as an apparent transport of the protonated form. Hence,

the total flux density of IAA over the membrane,
J=Jp + I I,

can be written as J = Jay +J5&", where

jAH = ﬁAH ([AH]‘ — [AH]e),With ISAH = PAH +k2ci Ka,

is the total flux density of non-electrogenic transport of IAA, char-
acterized by an apparent permeability Pay, visible in the equations as
the sum of transport of the ‘true’ protonated form of auxin and the
auxin-anion/single-proton symport that appears as transport of

the protonated form. The permeability Po- determines the flux of the
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auxin anion form (J;') that is sensitive to the electric field (Box 2,
Panel A). We shall assume that the membrane potential remains con-
stant. That is, fluctuations on a time scale faster than the membrane
transport processes are ignored.

At cellular level, we identify three particular parts of the plasma
membrane of a cell in a PAT cell file, according to their orientation in
the inflorescence stem segment: the apical side, the basal side and
radial side, transversal to the direction of PAT, which is from apical to
basal (Box 2, Panel B). Superscripts a, b and rad are used to distinguish
fluxes and permeability constants at these parts. Thus, following the
chemi-osmotic theory, PAT occurs because the acidity of the apoplast
(pH ~ 5) is higher than that of the cytoplasm (pH ~ 7) and the basal
side has a higher permeability for the IAA anion than the apical side:

P >pa.

We assume that the permeability for the anion at the radial part
of the membrane is not different from that at the apical side:

pad _pa

Since the AUX1/LAX1-3 proteins are evenly distributed over the
three parts of the membrane and the permeability of the membrane
for the protonated form is considered the same everywhere, the
apparent permeabilities are assumed to satisfy

59 b Hrad
Par="Par =Pan-

We shall denote this common value by Pay.

The expressions for the fluxes distinguish the auxin species and their
concentrations. Experimentally, we cannot measure the concentrations
of the different auxin species. Therefore, the BHL-model was described
in terms of total auxin concentrations in the various compartments. Thus,
in order to bridge the scales to the level of the BHL-model, it is conve-
nient to express the fluxes in terms of total auxin concentrations.

To do so, we consider a single file of PAT cells. Each cell in the file
can be given a number according to its position (order) in the file. Cell
1 starts the file at the apical side, while cell N ends the file at the basal
side of the stem segment. The internal total auxin concentration in an
intermediate cell n is denoted by a,(x) at internal position x from the
cell's apical side at x=0. Its basal side is located at x=1I. We assume,
as in the MK-model, that all PAT cells in the model have equal length |
(~ 80 um). The total auxin flux density Jﬁ at the basal side of the mem-
brane of cell n into the apoplast connecting to the next, cell n+1,
depends on the total auxin concentration aZ = an(l) in the cytoplasm
at the basal side and the total auxin concentration A(0), say, in the
apoplast at the other side of this membrane part (Box 2, Panel B). One

may write, for technical convenience,
I =p1a)— B, A0), (3)

where g, and 8, can be interpreted as unidirectional (‘total’) per-

meability constants. Since the fraction of IAA in anion form in

cytoplasm, f., and apoplast, f,, can be computed from the acidity con-

stant as

Ka Ka

:7hc+Kayfa = (4)

fe ha +Kq’

where h, and h, are the corresponding proton concentrations in these
parts, f; and g, can be expressed in terms of f, f,, Pay and Pfi and
the membrane potential Vpy by comparison of Equation (3) with the
expression for the total flux density J in Box 2, Panel A. The results
are presented in Box 2, Panel C (top row, right column). Similar
results are obtained for the flux density from apoplast into cell n+1,
described by permeabilities 5 and 4. These permeabilities also char-
acterize the flux of auxin from a cell in the PAT file (viewed as part of
the U-compartment in the BHL-model) into the surrounding tissue
(viewed as part of the W-compartment), since we consider the apical
and radial part of the plasma membrane as similar when auxin trans-
port is concerned.

The link between the microscopic model at the scale of the apo-
plastic interface that we described above and the BHL-model is pro-
vided by the MK-model. It gives a description of PAT at the
intermediate (‘mesoscopic’) scale of single PAT cells. Instead of con-
sidering an intermediate apoplast, Mitchison (1980) ignores the apo-
plast and describes the total resulting auxin flux J,¢ from cell n to the
next in a PAT file immediately in terms of the total auxin concentra-
tions af at the basal end of cell n and a%,, at the apical side of cell
n+1:

Jiot =pap+a(as,; —ap). (5)

The key MK-model parameters p and g can be interpreted as fol-
lows: p represents the increased permeability of the basal membrane,
supposedly by the presence of PIN1 proteins, while g represents the
‘diffusive’, non-polar part of the transport. Mitchison (1980) derived
an expression for the resulting effective transport velocity, V¢, and
the p and g parameters, supposing that all PAT cells in the file have
equal length | and that auxin is transported within each cell by diffu-
sion, with diffusion constant D. Kramer (2002) computed an expres-
sion for the effective diffusion at macroscopic scale, Defr. Vegr and Deg
correspond with the auxin transport velocity V and diffusion constant
D, in the U-compartment, respectively. So, these expressions allow us
to bridge the scale from mesoscopic to macroscopic.

We recomputed these expressions by different arguments to
double-check their validity as they are key in bridging scales. We
arrived at the same expression for Ve, while a slightly modified
expression was obtained for Dgs compared to Kramer's result (see

supplemental material, Section 4.1, for derivation and details):

2D
VeVg=— P 22 D, =Dy =

= : 6
p+2q+2P | (©)

p+a+h

The BHL-model parameters V and D, are equated to these effec-

tive velocity and diffusion constants computed from the mesoscopic
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MK-model, as indicated. The expressions have been written in such a
mathematical form, that the first factor in both is at most 1. Thus, the
maximal transport velocity is 2D/I, while the maximal diffusivity in the
U-compartment is that inside the PAT cells, D. Since a clear view on
the detailed tissue structure of the part of the vascular bundle that
constitutes the W-compartment is lacking, no upscaling has been
attempted towards exhibiting the BHL-model parameters D,, and D,
in terms of lower scale parameters.

Assuming that auxin diffuses within the apoplast and that a
steady gradient is established there during PAT, we derived expres-
sions for p and g in terms of the microscopic unidirectional permeabil-
ity constants f3,, 85,3 and 4 that are key to our further results:

_BiB3—Poba q= P2ba
Po+Ps T oty

)

(See supplemental material for derivation of these expressions).
After some cumbersome algebra (supplementary material), an interest-
ing expression for p, i.e. the increased permeability for auxin at the
basal side, is obtained that opens opportunities for interpretation of

changes in terms of microscopic physical and physiological processes:

£

Ph/Ps ) -1 Me

o

(8)

It expresses p as a maximal value p,,,, that is modulated by the
two other factors, which are at most 1, and which shall be described
in more detail below. In Equation (8) - notably - the maximal

increased permeability

- h h
— EF/RT __ Tlc a
Prmax PAH |:e ha:| hc+Ka <9>

is controlled by three factors. The first is the apparent permeabil-
ity for the protonated form, which - recall - contains the contribution
of the symporters of the AUX1/LAX1-3 family. The second factor at
the right-hand side of Equation (9) is related to the total proton
motive force (PMF). It is positive when efF/RT > h_ /h,. This is equiva-

lent to the condition:

E|I’] (h—a> *VPM >0 (10)
he

The expression on the left-hand side of Equation (10) is that of
the PMF. It is the driving force of the unidirectional transport term
governed by p. The third factor represents the effect of the difference
in acidity between cytoplasm and apoplast.

The two factors in Equation (8) that further determine p, hence
the auxin transport velocity V through Equation (6), refer to the effect
of increased basal membrane permeability PZ relative to the apical
and radial permeability for the auxin anion. If there is no

such increase, i.e. when P53 =P% , this middle factor is zero, and
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consequently also p. Then, there is no polar auxin transport, consis-
tent with the chemi-osmotic theory. The third factor in Equation (8),
of Monod type in ¢, defined by:

EF e—EF/RT
E=RT1_eEFRT

(11)
expresses the modulating effect of the membrane potential on p,

hence V. The Monod constant M is given by:

ha  2Pan ha  2(Pan/Py-)
M=o _Ja : (12)
KaP3-+P3- Ka (Pi’\ /PZ)+1

It is the value for ¢ at which the Monod function takes the
value %.

Equations (6), (8), (9), (11) and (12) taken together (Box 2, Panel
C), show the complex way in which the various constituents of the
chemi-osmotic theory, i.e. modified membrane permeabilities, acidity
differences and membrane potential, determine quantitatively the
observable polar auxin transport velocity at the macroscopic scale of
the stem segment. In Figure 3A, the dependence of V on the mem-
brane permeabilities P,‘} and Pay has been illustrated. In contrast to
the complex expressions presented above, the shape of the graph is
strikingly simple.

The key permeabilities P3-, PbAf and Pay can be interpreted in
terms of abundance of auxin carriers of different types at the distin-
guished parts of the membrane. Note that only the relative values of
permeabilities matter, relative to Pf\,, except for the absolute value of
the apparent permeability Pay for the protonated form in Equation (9).
Also, the acidity in apoplast and cytoplasm only matters through their
values relative to the IAA acidity constant K,, i.e. through hg/K,
and h /Kq.

So far, we have focused on the description of the bridging-
of-scales as far as the longitudinal flux of auxin is concerned. The
radial flow of auxin, between U- and W-compartment in the BHL-
model now requires attention (Box 1, Panel B). In that model it is char-
acterized by exchange rate parameters a and b (Box 1, Panel C). In the
LPTF, the radial flux density J (mol/m?s) at cellular level in a PAT cell
file is determined by the total cytoplasmic auxin concentration and
total apoplastic concentration by the unidirectional total permeability
constants f3 and f, as presented in Box 2, Panel B. This ‘lifts’ directly
to the scale of the macroscopic BHL-model (supplementary material),
with the U-compartment being the collective of PAT cell files and the
W-compartment their complement within the vascular bundles (recall
Box 1, Panel A and B):

19 = B [U] = 3 [W).

The total amount of auxin that crosses the U/W-barrier per unit
time (mol/s) at position x from the donor side of the stem segment in
a very thin slice of thickness Ax then equals J - $° Ax, where $° is the

length of the contour in the cross section that separates the two
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FIGURE 3 Graphical representations of parameter relationships between the LPTF and BHL model. The microscopic parameters Pay and

Pz in the LPTF model map to the macroscopic parameters V, a, b and D, in the BHL model by means of the equations exhibited in Box 2, Panel
C. Parameters a and b depend both simply linearly on Py only. Therefore, their dependence is not shown. (A) depicts the dependence of V on
both Pay and P2-. Note the monotonic and saturating behavior. The fit for the selected average wild-type plant is indicated with a red square. The
one for the pin1 mutant by a blue circle. The corresponding parameter values are listed in Table 2 (indicated with *). For each, the V-level set, i.e.
the curve of all triples SI_Z’AH,P},V that have the same V-value as these two fits, is indicated by the same color (wild type: Vo = 3.45 x
10~°ms™%; pinl: Vo =2.92 x 10~° ms™2). (B) The ratio b/a depends on Py only, not on Pf\f. This dependence, shown as black curve, is the same
for wild type and pin1 mutant plant, because the auxiliary parameters are assumed the same for both types. It is approximately a Monod function,
in the range where it is almost linear and not yet saturated. The uncertainty in the ratio b/a is that of a and b added together, i.e. 10%. These
uncertainty boundaries are indicated by grey dotted lines around the fitted values bg/ap for the wild type plant (red) and the pin1 mutant (blue).
For wild type, Pay is in the range 3.1-3.95 x 10~®ms 2. For the pin1 mutant this range is 2.2-2.7 x 10~” ms 1. C shows the V-level sets of Ain a
two-dimensional graph, i.e. the collection of 5AH,PE\7 value-pairs that yield the same V-value. In grey the zone is indicated that corresponds to
5% uncertainty in the V-value. The possible Pay, P2 value-pairs in the LPTF that correspond to the fitted Vo, ag and bg in the BHL-model
within the 5% uncertainty domain for each of V, a and b - the so-called solution space - is indicated for wild type (light red) and pin1 mutant plant
(light blue). Notice that the apparent permeability Pay must have dropped in value by an order of magnitude, while P,'if remains in the same range,
centered at 5 x 10 ®ms %, when wild type is compared to pin1 mutant.
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compartments. The U-compartment in this slice has volume S,Ax,
while the W-compartment has volume S,,Ax. Thus, the net change per

unit time in concentration in the U-compartment in the slice equals

Jod.sax S° s°
W:ﬂ4 S_U[U]_ﬁBS_u[W] (13)

Comparison of Equation (13) with the radial exchange part of the
equation for [U] in the BHL model (see Box 1, Panel B) yields

s° s°
a=p4 s,_’b:ﬂ%_ (14)
u w

(see Box 2, Panel C). Thus, through Equation (14) the LPTF links
the macroscopic key model parameters a and b to the microscopic key
parameters Pay and P;-, through the expressions for g3 and g, in the
latter parameters. (Note that radial transport is governed by the same
parameter P4-)

3.3 | Interpretation of new PAT data from pin1
mutants in view of the multiscale LPTF

In order to put the multiscale LPTF to use, we slightly modified the
experimental design and fitting protocol as compared to the previous
experimental set up and analysis as described in Boot et al. (2016).
This was done to increase the estimation accuracy while increasing
the computational efficiency by reducing the number of experiments
that must be fitted to the LPTF. The modification entailed three
changes:

1. We now routinely estimated the relative amount of immobilized
auxin in an ISS experimentally, by running in each PAT assay experi-
ment parallel batches of comparable ISS, which at the end of the
incubation were used for IAA extraction and thin-layer chromatog-
raphy (TLC) analysis (see M&M). This procedure provided extra data
of a type different from that of transport and tissue profile, enfor-
cing an additional constraint on the quality of fit. This enabled a bet-
ter estimation of model parameters, e.g. that of auxin retention due
to immobilization (i.e. immobilization rates k1 and k3).

2. The statistical analysis performed previously (Section 3.1) used
model-based parameter estimates from individual ISSs. It was
found empirically by Boot et al. (2016), that these parameter
values, if averaged over the stem segments of a batch, were close
to the corresponding values obtained from simulations of so-called
pooled data, defined as the anatomical and transport data summed
over all stem segments in a batch. We found that this form of data
reduction was very useful for comparing PAT data, since it at once
produced parameter values that are representative for all (usually
nine) stem segments in a batch. Therefore, we made it an integral
part of data fitting.

3. The fitting procedure of data in the LPTF was modified slightly
with respect to that of the BHL-model. Starting point is a set of
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parameter values in the BHL-model that are characteristic of a wild
type plant, for example those found in Boot et al. (2016). These
were then manually tuned to provide a visually good fit to the data.
Thus, practically, we implemented in the procedure the underlying
idea that a mutant is a deviation of some sort from the wild type.
Because the BHL-model is used in this first step, V, D,, a and b are
allowed to vary independently. As a second step, values for the
microscopic key parameters Pay and Pf\ were determined that
yield the obtained V, a and b, using the mathematical expressions
of the LPTF, shown in Box 2, Panel C.

Note that in this procedure, the microscopic parameters are not
used to determine D, through equation (6). We have found empiri-
cally that a change in D, could be compensated to some extent by a

change in P,

"» Which was not apparent in non-dimensionalisation of

the model. It was therefore unexpected and its cause needs further
mathematical investigation in future. Therefore, the diffusion constant
D, was not fixed and, together with D,, and D,, it was fitted freely.
Expression (6) did give a starting value for D, however.

We used fixed plausible values for the auxiliary parameters: the
membrane potential (—120 mV, Raven 1967), cytoplasmic and apo-
plastic pHs (of 7 and 5, respectively), diffusivity D of IAA in the cyto-
plasm (2 x 107*°m?/s), the average length of PAT cells | (80 um) and
P4 (1.5 x 10-8m/s). The latter value was used in Boot et al. 2016,
also see its supplementary files for argumentation for this value. The
computation of a and b from Equation (14) requires a choice for the
unknown S°, the total length of the interface between U- and W-com-
partment in a cross section. We take the minimal length for a given
enclosed area S,, i.e. the length of a circle with area S,: S° =2/%S,.
Then, after manually initializing the fitting, automated optimization of
the cost-function was done on the COMSOL-MATLAB coupled soft-
ware platform as before and the corresponding microscopic parame-
ters were determined.

To illustrate this mapping of microscopic LPTF parameters to
macroscopic BHL parameters we present a numerical example in
Table 1. For this example, we took a wild-type reference batch of ISS
and a batch of ISS from a pin1 mutant line from the new series of PAT
donor-receiver assays. These two served as a running example in the
further analysis. In Table 1 from left to right we see the complete set
of microscopic parameters that determine the parameters f; to fg,
which in their turn determine the mesoscopic parameters p and g,
which finally give the values for Vg and Deg through Equation (6). In
the BHL-model, the advection-velocity V is then equated to V¢, while
Defr is used as initial value for the diffusion constant Dy, which is oth-
erwise freely fitted. In addition, the macroscopic exchange parameters
a and b are determined by f, and f;, respectively.

Our above example was taken from a more extensive set of PAT
assays in which we compared the analysis of PAT data from wild-type
plants with those from pML1::PIN1:GFP/pin1 and pin1 mutants. Only
the values of the most important parameters are shown, with a sum-
mary of the results in terms of the average parameter values at the
bottom panel of Table 2. The results of a representative selection of a

set of experiments are shown in Figure 4.
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TABLE 1

Example of mapping of LPTF-model parameters to BHL-model parameters. For wild type and pin1 ISS it is shown from left to right

how parameter values change with model and spatial scale according to the formulas presented in Box 2, starting from LPTF model parameters.
These consist of the complete set of fixed microscopic parameters and the variable parameter Pay. These determine the auxiliary microscopic
parameters 1 - f4, which in their turn determine the mesoscopic parameters p and g of the MK-model. These finally give the parameter values for
Vefr and Degf, and the connected advection-velocity V and the diffusion constant D, of the BHL-model. In addition, the macroscopic exchange
parameters a and b in the BHL-model are determined by f, and 5 respectively.

LPTF parameters (microscopic) Auxiliary (microscopic)

Wild type

E = z2Vpm = 120 mV B =234x10° ms !
PHeyt = 7.0 pr=148x10 ¢ ms?
PHapo = 5.0 Pz =1.35x10°ms?

P4 =15x108%ms* Bs=9.35x10"8ms !
Pi =5x10°ms*

’SAH =35x 1076 ms’l

pin 1

E =2Vpy = 120 mV Py =2.39x10 > ms?
PHeyt = 7.0 By =223x10 " ms?
PHapo = 5.0 Bs=9.79x 10 8 ms?

PG =1.5x108ms™? Ba=729x10"8ms™*

P =5x10"°ms™!
Pan =2.5x10" " ms™?

The presented values for Pay and Pf} in Table 2 should be inter-
preted in the following way, which we illustrate for the wild-type
plant and pin1 mutant indicated by an asterisk in that table: first, we
performed a sensitivity analysis of the dependence of the total cost
function on the parameters V, a and b around the obtained value
(Vo,a0,bo), for which the total cost function was below the chosen
threshold of acceptability of 6% (Figure 5). It shows, that other values
could have been obtained for these parameters that deviate by at
most ca. 5% from (Vo,d0,bo). The ratio b/a is interesting, because it
depends on Pay only, while the anatomical parameter S°, which is dif-

ficult to determine, is not involved:

Su ‘B_Szi I_JAH(lffa)‘i’fan\*e (15>
Ba Sw Pan (1—fc)+fc Py eefF/RT

S

QT
=

As a function of Pau, it has approximately the shape of a Monod
function, in the part where it is still almost linear and not yet saturated
(Figure 3B). Its shape is the same for the wild-type plant and pinl
mutant, because the auxiliary parameters are assumed the same.

Since b/a depends on both a and b, its value may deviate by at
most 10% from the obtain value bg/ag. These margins have been indi-
cated by dotted grey lines in Figure 3B and yield a range of acceptable
values for Pay. For the wild-type plant this is 3.1-3.95 x 10 °ms ™2,
while for the pin1 mutant it is 2.2-2.7 x 10~" ms~. The fitted value
Vo for V determines a level-set in the (IfDAH,P})-parameter plane.
That is, a set of pairs of values for these parameters that result in the
same fixed value Vj for V through the equations of the LPTF. As it
were, one considers a horizontal slice of the graph of V as function of

Pay and PZ, (Figure 3A). These level sets for the wild-type plant and

MK parameters, (mesoscopic) BHL parameters (macroscopic)
V=V =345x10"°ms?!
Dy=De=119x 1072 m?%1
a=444x10*%s"t
b=303x103%s?t

p=114x10">ms?!
q=488x10"8ms?!

V=V =294x10 °ms*

Dy =Dt = 1.64 x 1072 m?s~1
a=326x10""*s""t
b=205x10"*s?

p=725x10"°ms*
q=507x10"8ms?!

pin1 mutant are shown in a single plot in Figure 3C. Changing Vj by at
most 5% results into the grey areas around the level-sets for Vg as
shown. These are the regions where the (ﬁAH,Pfr) value pair can
result in a V that deviates no more than 5% from the given V. Super-
imposing the obtained regions for Py yields solution spaces for the
pairs of values (T’AH,PZf) for the wild-type plant (shown in light red)
and the pin1 mutant (light blue).

We found that, starting from the set of wild-type parameters, we
had to make mostly a major change to the value of the apparent per-
meability constant of the protonated form P4y, with an unaltered range
for Pf\f, to obtain an optimal fit of the PAT data from the pML1::PIN1:
GFP/pin1 and pin1 mutants. In the parameter values in Table 2 we
noticed a decrease of Pay from 2.8 x 10 °ms ™! in the parameter set
from wild-type plants to 0.4 x 107 °ms~? and 0.2 x 10~ ®ms~ ! in the
parameter set from pML1::PIN1:GFP/pin1 and pin1, respectively, while
P5_ was not changed. We could not find other combinations of micro-
scopic parameters that gave comparable good fits. These decreases
were associated with a slight decrease of the values of the parameters
V, Dy, and a, but a substantial decrease of parameter b from 2.38 x
1073571 in the wild-type parameter set to 0.38 x 1035~ and 0.15 x
107351 in pML1::PIN1:GFP/pin1 and pin1 parameter set, respectively.
It should be noted that the value for P~ remains in a small range

1 which does not differ substantially between

around 5 x 1074ms™
the wild-type plant and the pin1 mutant (Figure 3C).

The macroscopic exchange rate b controls the rate of uptake of
auxin from the W-compartment into the polarly auxin transporting
files of PAT cells (U-compartment). Therefore, we tentatively conclude
that the aberrant transport profiles in the pML1::PIN1:GFP/pin1 line B

and pinl mutants and to a lesser extent in the pML1::PIN1:GFP/pin1
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FIGURE 4 Examples of quality
of fit of BHL-model to various data
sets. Representative efflux and tissue
profiles for pooled data and their
simulations with the BHL- model for
(A,B) wild-type, (C,D) pML1::PIN1:
GFP/pin1 line A, (E,F) pML1::PIN1:
GFP/pin1 line B and (G,H) pin1
mutant plant lines. Parameter settings
can be found in Table 2(A), denoted
by an asterix *) and in the legend of
Table 2.

auxin in this environment. In the pinl mutant in particular this
appeared to be associated with increased immobilization of auxin as

revealed by the TLC analysis and an increase of parameter k.
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FIGURE 5 Parameter sensitivity in the BHL model. The effect on
the value of the total cost function (vertical) is shown of varying the
parameter values of the key parameters V (A), a (B) and b (C) in the
BHL model separately, relatively around the fitted value, for a
selected wild-type plant and pin1 mutant (both pooled data, selected
batch indicated by * in Table 2). Fitted values around which
perturbations are made: for wild type, Vo = 3.45 x 10 °ms ™2, ao
=4.43x107%s71 by =3.04 x 107357 for pin1 mutant: Vo =2.92 x
10 %ms™%, ag =3.27 x 104571, by = 2.04 x 10~*s~ 2. The horizontal
black line shows the horizon of acceptability of a fit, i.e. a total cost
function value of 6%.
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FIGURE 6 Efflux and tissue profile and the simulation with the
BHL model for an aux1/lax1-3 quadruple mutant. (A) shows the
efflux profile and (B) the tissue profile. Parameter settings can be
found in Table 2 (B) and in the legend of Table 2. Total cost 8.1%.

It is well established that plasma membranes of PAT cells are
equipped with AUX1/LAX auxin anion/proton symport carriers which
transport the auxin anion together with one proton (Yang et al., 2006;
Carrier et al., 2008; Péret et al., 2012; Singh et al., 2018). It is gener-
ally believed that these carriers counteract the leak of auxin from its
transport channels by reuptake of auxin. Hence, if our interpretation
of the aberrant transport profiles of the pin1 mutants is correct, we
predict that the genes encoding these transporters are downregulated
in the pML1::PIN1:GFP/pin1 and pin1 mutants or that the AUX1/LAX

proteins are reduced in number, or somehow inactivated.
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FIGURE 7 Expression of the auxin import carrier genes AUX1,

LAX1, LAX2 and LAX3 in wild-type Arabidopsis and pinl mutant
lines. Expression of AUX/LAX genes in basal inflorescence stem
segments of the indicated pin mutant lines relative to that in wild-type
Arabidopsis as determined by gRT-PCR. Bars indicate the mean of
three independent experiments, error bars indicate the SD, and
asterisks denote significant difference of the mean compared to wild
type according to the unpaired two-sided Student's t-test
(supplementary files for details).

34 | Expression of AUX1/LAX1-3 genes in the
pML1::PIN1:GFP/pin1 and pin1 mutants

In order to test the above hypothesis, we estimated parameter values
from an experiment using ISS from an Arabidopsis aux1, lax1,2,3 qua-
druple mutant (Table 2B). This mutant, in which all four genes encod-
ing auxin-influx carriers were knocked out, showed a striking
resemblance with the pin1 mutant, not only with respect to the efflux
and tissue profiles, but also with respect to the parameters (Figure 6,
Table 2B). This observation is in line with our prediction that the aber-
rant efflux and tissue profiles of the pin1 mutant are due to an inacti-
vation of the auxin import system, as a result of either a hampered
expression of the AUX/LAX genes or an inactivation of their protein
products. We decided to investigate the former, since it could be
tested quite straightforwardly, while testing the latter is technically
much more complicated and is beyond the scope of the current study.

Using RT-gPCR analysis we measured the expression of the
AUX1/LAX1-3 genes in basal inflorescence stem segments of pML1::
PIN1:GFP/pin1 and pinl mutants and compared them with those in
wild-type plants. The results show that in pin1 mutants the expression
of all four AUX1/LAX1-3 genes is substantially down regulated as
compared to wild-type plants (Figure 7). In Table 2 we included
parameter values from two different lines of the pML1::PIN1:GFP/pin1
mutant, denoted line A and line B. Figure 7 shows that from the four
AUX1/LAX1-3 genes in these lines only two were expressed at wild-
type or even higher level, but in different combinations. In the B-line
the combination consisted of the LAX2 and LAX 3 genes, whereas in
the A-line it consisted of LAX1 and LAX3. Interestingly, as is shown
in Table 2, these differences appeared to be correlated with different
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b EEPIN7
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Wild type pin1

pML::PIN1:GFP/ pML::PIN1:GFP/
pin1 line A pin1 line B

Description of mutant line

FIGURE 8 Expression level of the PIN1, PIN3, PIN4, PIN6 and
PIN7 genes in wild-type Arabidopsis and pinl mutant lines.
Expression of PIN genes in basal inflorescence stem segments of the
indicated pin mutant lines relative to that in wild-type Arabidopsis as
determined by gRT-PCR. Bars indicate the mean of three independent
experiments, error bars indicate the SD, and asterisks denote the
significant difference of the mean expression levels as compared to
wild type according to the unpaired two-sided Student's t-test (see
supplementary files for details).

1

7AHVU2V 7AHi =3 X B 7, avi 7AHi
P alues: Average Pay line B=3 x 107" ms™1, average Pay line

A=7 x 107" ms™ L. However, both values were significantly lower
than the wild-type values, which on average were 2.8 x 10 °ms™1.
Probably, we came upon a subtle interplay of the four AUX/LAX
genes, which is interesting, but beyond the scope of this article.

In order to exclude the possibility that loss-of-function of the
PIN1 gene would lead to higher expression levels of other PIN genes,
which could take over the role of PIN1 in the pML1::PIN1:GFP/pin1
and pin1 lines, we studied the expression levels of PIN1, PIN3, PIN4,
PIN6 and PIN7 genes in these mutant ISS and compared them to wild-
type plants. Except for a small increase of PIN4 expression in the pinl
mutant, none of the other PIN genes were expressed at higher levels
in the mutant lines (Figure 8). The relative higher expression of PIN1
in the pML1::PIN1:GFP/pin1 lines as compared to the pin1 mutant is
caused by its ectopic expression in epidermis cells from the pML1
promoter (Lu et al., 1996; Sessions et al., 1999).

4 | DISCUSSION

Fundamental to our approach is the investigation of mathematical
models, which are as simple as possible in construction yet capture
the essential features necessary to reproduce the biological complex-
ity that is observed. In this spirit, the long-range PAT theoretical
framework (LPTF), as developed in our lab over the past few years, is
an attempt to understand long-range PAT as observed under the con-
trolled experimental conditions of a classical donor-receiver assay
using inflorescence stem segments from Arabidopsis plants. As a

merger of three existing models of PAT, the macroscopic BHL-model,
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the mesoscopic MK-model and the microscopic chemi-osmotic the-
ory, the LPTF captures the essential features necessary to reproduce
the experimental long-range PAT data. In fact, the LPTF was devel-
oped out of necessity to understand the aberrant experimental PAT
profiles from Arabidopsis pinl knock-out mutant plants. These
mutants differed significantly in auxin transport velocity compared to
wild-type plants and other tested mutants in the performed statistical
analysis.

The mathematical structure of the LPTF exhibits the dependence
of macroscopic key parameters of the BHL-model, in particular the
advection velocity V and the radial-exchange parameters a andb, on
microscopic parameters of the chemi-osmotic theory with as interme-
diate step the permeability parameters p and g of the MK-model
(Box 2). We rederived by different argumentation in supplemental
material, Section 4.1 the expression (6) for V in terms of mesoscopic
parameters as given by Mitchison (1980), which is well-accepted in
the field. However, a reassessment of this expression for the
advective velocity in the PAT cell files - and the one derived here for
the effective diffusion constant - would be welcome, using the well-
established and mathematically precise technique of asymptotic anal-
ysis, similar to the work by Band & King (2012) for the root. The con-
tribution of intracellular auxin transport in the presence of a large
vacuole and possible cytoplasmic streaming then deserves particular
attention. See also a discussion of these effects in Mitchison (1980),
Section 5. As Band & King (2012) shows, this requires an elaborate
study that allows for a much more mathematical publication on itself.
So, here we felt content with the less precise derivations as provided.

In addition to microscopic parameters such as local pHs, electric
membrane potential, and intracellular diffusion constants for total
auxin, the most important microscopic parameters are the increased
permeability of the basal plasma membrane (PM) domains of the inter-
faces between PAT cells for auxin anions, represented by Pf}f and the
apparent total permeability Pay for the protonated form of auxin,
which is assumed to have the same value everywhere around the PM
of individual PAT cells. The latter represents the physical transport of
the ‘true’ protonated form, together with auxin-anion/proton sym-
port, which is essentially electrically neutral, resulting into mathemati-
cal expressions that appear to represent transport of the protonated
form. Recall that these parameters, respectively, represent the abun-
dance of active auxin-anion export carriers, in particular in the shape
of PIN proteins, and the basic permeability of the PM for the proton-
ated form of auxin plus the density of transporters of the AUX1/
LAX1-3 type.

As mentioned in the Introduction, there is consensus that the
AUX1/LAX1-3 family consists of auxin-anion transporters that oper-
ate as symporters with one or more protons. How many precisely is
still under debate. Various authors (Steinacher et al. 2012, Singh
et al. 2018, Dindas et al. 2018) follow the suggestion of a double-
proton symport suggested by Hertel (1983) that was investigated
experimentally by Lomax et al. (1985). The latter experiments are
insufficiently conclusive in our opinion to deviate from the simpler
one-proton assumption, which was originally taken by Rubery and
Sheldrake (1974) in their formulation of the chemi-osmotic theory.

Moreover, Lomax et al. (1985) draw the conclusion of two-proton
symport with some reservations. No hard experimental evidence has
been gathered since, to our knowledge. Kerr and Bennett (2007) state
that ‘The general mechanism of transport remains to be elucidated...’.
Investigation of this question of stoichiometry is hence still of interest.
It lies however outside the scope of this paper. So, in modelling trans-
port of the carriers in the AUX1/LAX1-3 family we have assumed
these to be auxin-anion/single proton symporters.

All analysed pin1 mutants showed characteristic auxin transport
profiles, marked by relatively low advection velocities, still within the
range of wild-type advection velocities, but with substantial reduced
efflux profiles. We found that the LPTF readily offered a straightfor-
ward explanation of the characteristic transport profiles of the pinl
mutants. The dependence of auxin transport velocity V on the micro-
scopic key parameters Py, the apparent permeability for the proton-
ated form of IAA, and Pf\,, the increased permeability for the IAA
anion at the basal side of PAT cells, as defined in the LPTF, has been
presented in Figure 3. For each observed PAT profile, it results in
a solution space of possible values for these key parameters, against a
background of a set of plausible values of the other microscopic
parameters. In Figure 3 we have indicated the position of a wild-type
and that of a pin1 mutant giving good reproductions of their PAT pro-
files. It illustrates how we can go from wild-type plant to pin1 mutant
in this solution space: it requires only a significant decrease of the
value of Pay, whereas the value for Pfr stays the same. This is what
we found in all experiments we performed, of which a summary is
given in Tables 2A and 2B. A most obvious explanation for the
decrease of Pay was given by the assumption that the expression
levels of the genes encoding the AUX1/LAX1-3 proteins were some-
how down-regulated in the pinl1 mutants. This assumption was subse-
quently supported by our investigation of the expression levels of
these genes in the pin1 mutants.

Moreover, quadruple mutants of the AUX1/LAX1-3 genes,
resulted in aberrant PAT profiles that were quantitively similar to
those of the pin1 mutants. Of course, one might argue whether in this
quadruple mutant, the PIN1 gene is downregulated or its protein
product inactivated. However, we do not think this is likely, because
in contrast to the pin1 mutants, the aux1/lax1-3 quadruple mutant has
a wild-type phenotype.

The outcome of our analysis of the experimental PAT data, on the
one hand explains the aberrant PAT profiles of pin1 mutants, on
the other hand, it raises a serious question as to the exact role of
PIN1 proteins in PAT. So, let us discuss a few questions and how we
may seek possible answers. In the realm of speculation, one may think
of plasmodesmata as intercellular transport channels in polar auxin
transport. There is indeed increasing evidence that auxin may diffuse
through plasmodesmata (Han et al., 2014; Deinum et al., 2019; Pater-
lini 2020). However, sole diffusion is not an option for long-distance
auxin transport, since energy-requiring advection should at least
require active transport through plasmodesmata combined with dif-
ferential gating to direct unidirectional polarity.

Another question is whether there may exist auxin-anion trans-

porters other than members of the PIN family. Interestingly, there are
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a few reports suggesting that members of the so-called
P-glycoprotein multidrug resistance and ATP-binding cassette sub-
family B of putative auxin transport proteins (ABCBs), such as PGP1
and PGP19, may colocalize with members of the PIN family, such as
PIN1, and act synergistically with them as auxin-anion transporters
(Blakeslee et al., 2007, Hilleary, 2022, Deslauriers and Spalding, 2021).
Previously, we have shown that addition of the PAT inhibitor NPA to
the donor well completely inhibits long distance PAT in inflorescence
stems. Since recent structural analysis of PINs and previous studies
on ABCBs indicate that NPA targets both PINs and ABCBs (Geisler
and Murphy, 2006; Abdollahi Sisi and Ruzicka, 2020; Yang
et al., 2022; Ung et al., 2022), ABCBs are the likely candidates to
maintain the permeability at the basal PM.

If in our experimental system such a colocalization took place it
would offer an explanation that in wild-type plants the permeability
constants of the basal PM-domains sz (5x10~°ms~ 1) in PAT cells for
auxin-anions has to be at least two orders of magnitude larger than
the basic permeability P4- (1.5x10~ 8 ms™Y). If we assume that the rel-
ative contribution of these transporters varies with different physio-
logical conditions, it is not implausible to assume that the loss of PIN1
proteins in knock-out mutants, may be causing a kind of stress physi-
ology that brings about an increase of the PGP's as primary ATP-
dependent, powerful transporters, to compensate for the loss of
transport activity in the pinl mutants. As part of the screening
of several pin mutants, we also included the pgpl pgp19 double
mutant. The auxin transport velocity V of these mutants belonged to
the lower class which is further occupied by pin1 mutants. As distinct
from the pin1 mutant, at this stage of our research we did not select
the pgp1 pgp19 mutant for further investigation.

It is well documented that PIN1 proteins are transported by nano-
vesicles towards the basal PM domains of PAT cells (Adamowski and
Friml, 2015, Geldner et al., 2001, Friml and Palme, 2002). However, it
is still a matter of debate whether the recycling vesicles transport
PINs as cargo, or that the PIN's serve as transporters to pump auxin
into the vesicles, which then secrete their cargo by means of exocyto-
sis into the apoplast of the interfaces of the PAT cells. Quite recently,
Hille et al. (2018) developed a mathematical model to see whether
this mode of intracellular auxin transport could in principle compete
with the transport activity of PINs incorporated into the basal PM
domains of PAT cells. They concluded that while secretion vesicle-
mediated transport of auxin is a theoretically possible model, it falls
short in transport capacity as compared with the estimated transport
capacity of PINs incorporated into the basic PM domains of PAT cells.
We consider this theoretical exercise a first step for further investiga-
tion. Although we find a more detailed discussion of this model
beyond the scope of the present study, we will mention at least one
point that needs reassessment: the loading of the vesicles. The vesicu-
lar transport mode of auxin is analogous to the vesicular transport of
neurotransmitters, of which extensive literature shows, among other
features, how loading of the vesicles requires relatively high electric
potentials over the vesicle membranes and, for example in the case of
glutamine transporting vesicles, high-power glutamine/H™ antiporters

are coupled to H"-ATPases driving the transport (Edwards, 2007). In

this way high accumulation ratios are realized, yielding relatively high
quantal size, i.e. the amount of transmitter per vesicle. This aspect
was not addressed in the study by Hille et al. (2018). Perhaps we are
facing the same problem as discussed above, namely that PINs as such
do not have sufficient power to load the vesicles and also may require
the ATP-driven auxin transporters of the PGP type in a synergistic
fashion to realize sufficiently high accumulation ratios.

In future research we will revise and incorporate the model
described in Hille et al. (2018) into the LPTF, so that it can be tested
on real PAT data. We are interested in a vesicle-mediated intracellular
auxin transport mode, because it may solve also a possible shortcom-
ing of the LPTF. In the LPTF it is assumed, in accordance with the
MK-model, that intracellular auxin transport is by linear diffusion gra-
dients. The question is: Is this real? Perhaps it is not, because intracel-
lular mobility of organelles and stirring of the cytosol are real
expressions of the intracellular dynamics that mix solutes, thus making
a steady gradient impossible. Vesicles with their cargos find their way
in this turmoil to their diverse intracellular targets (see Geitmann and
Nebenfiihr, 2015).

Our interest in the intracellular transport component of PAT is
further stimulated by our finding that in the green algae Chara, the
Charales belong to the lineage that include the land plant, intracel-
lular polar auxin transport does not occur by simple diffusion or
cytoplasmic streaming and therefore strongly suggests that it may
be by vesicle trafficking (Boot et al., 2012, Raven, 2013). A further
investigation of this possible mode of intracellular auxin transport
in Chara is in progress, in addition to the investigation of a similar
type of intracellular auxin transport in land plants as outlined
above.

There are quite a number of (putative) auxin transporters identi-
fied, such as members of the PIN family, members of the PGP family,
and AUX1/LAX1-3 transporters. How the expression levels and activi-
ties of these (and possibly some still unknown) transporters are coor-
dinated and regulated undoubtfully is one of the questions that need
to be resolved. Here, we have shown an interdependence of expres-
sion levels of PIN1 proteins, the expression levels of AUX1/LAX1-3
transporters and possibly members of the PGP family. Hopefully, in
the near future a deeper understanding of the exact role of these

transporters in long-range PAT will be discovered.
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