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SUMMARY

In the root, meristem and elongation zone lengthsain stable, despite growth and
division of cells. To gain insight into zone stéatyil we imaged individuahrabidopsis thaliana
roots through a horizontal microscope, and usedy@@analysis to obtain velocity profiles. For a
root, velocity profiles obtained every 5 min ovehn 8oincided closely, implying that zonation is
regulated tightly. However, the position of thergjation zone saltated, by on average 17 um
every 5 min. Saltation was apparently driven byanat elements growing faster and then
slower, while moving through the growth zone. Wites shoot was excised, after about 90
minutes, growth zone dynamics resembled thosetattimoots, except that the position of the
elongation zone moved, on average, rootward, bgraglaundred microns in 24 h. We

hypothesize that mechanisms determining elongatoe position receive input from the shoot.
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INTRODUCTION

The region at the tip of the plant root where gioaccurs is divided into functional
zones. The zones generally distinguished are capst@m, elongation zone, and maturation
zone. At the extremity of the root, the cap prae¢be meristem, senses gravity, and deposits
material—and even cells—that influence the striectfrthe soil and the behavior of surrounding
organisms. The meristem contains cells that die@inuously, generating the cells that make
up the root. The elongation zone contains cellsdbanot divide and instead elongate rapidly,
about ten times faster than meristem cells. Finahpotward of the elongation zone comes the
maturation zone, where cells neither elongate nodel but take on their mature functions. Here,
we useshootward to mean toward the shoot tip arabtward to mean towards the root tip
(Baskin et al., 2010).

While these functional zones are a basic attribéiteots, the zones are often perceived
as static entities. Seeing the root’s zonatiorta@scsarises perhaps because of the discrete
functions of the zones or because an image shavodt at only a single time point, divided
into zones like countries on a map. Neverthelessalse root cells are growing, the zones are
dynamic. On its own, the growth of cells would egameristem and elongation zone
indefinitely. To the contrary, as the root growsege zones often maintain a constant length and
when they do change length, the change is finieisTthe positions of the boundaries between
the zones must be adjusted continually, usuallyingpm step with growth (Figure 1A). As the
boundaries keep pace with the root tip, a celhenrheristem, say, will soon find itself in the
elongation zone, and soon after that, in the matumraone.

A boundary sweeping across cells is unusual. gveental boundaries usually block
cell passage and in fact interactions between oalksither side of the boundary are used to
reinforce distinct cell identities. For exampleg teaf blade is divided into abaxial and adaxial
zones, a differentiation maintained in part byseilleach domain interacting antagonistically

where they meet at the leaf margin. In the roo¢pewhile the boundaries move across fields of
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cells, the specialization of each zone remaingini&e have a limited understanding of how
zones of stable identity are maintained despitdthandaries moving over cells.

In general, we might account for dynamic boundalig invoking two kinds of
mechanism. The first is cell-autonomous. This vewlows a cell with a behavioral program
(divide for some period, elongate for some pertbdn mature) and the relatively coherent
behavior of myriad cells in the root emerges frammgpams being run in strict synchrony. The
second is non-cell-autonomous, where extrinsicadggimpinge on cells at the boundary and
modify behavior. In distinguishing these views, nate that cell autonomy has been considered
to underlie certain root growth behaviors (Bandlgt2012; Cole et al., 2014; Pavelescu et al.,
2018) but also generates discontinuous growth ipetthat are contrary to observations of root
anatomy (De Vos et al., 2014). These mechanismsarexclusive and indeed both probably
are operating to delimit boundaries effectively.

To gain insight into how roots maintain a staldeation, we sought to characterize
boundary movement during growth. To do so, we tadkantage of the fact that the boundaries
are evident in kinematic analysis. Kinematics regaround velocity, the rate and direction of
movement (Silk and Erickson, 1979; Gandar, 198&; $984). Because a root grows
predominantly axially, kinematics are simplified t®porting velocity in the direction parallel to
the root’s long axis only and by averaging pointsradhe root’s cross section. This generates a
one-dimensionalelocity profile, plotting speed as a function of distance fromtijneln general,
the velocity profile falls gradually from a maximuahthe very tip, and then falls steeply, before
finally reaching zero. The gradual region corregisoio the meristem, the steep region to the
elongation zone, and the region with zero velotthe maturation zone. Thus, the velocity
profile reveals the boundaries between these zamédefined by their growth.

To an observer, velocity is greatest at the ripoand falls to zero at the maturation zone,
where there is no growth and hence no motion; Werefer to this observational viewpoint as
thelaboratory frame. To simplify calculations, an alternative framereference is used for

kinematic analysis, namely tineot tip frame (Silk, 1984). In this frame, the tip of tto®t is the
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origin (position and velocity both equal zero), aredbcity rises to reach a plateau in non-
growing regions. For a root growing at steady statéhe laboratory frame the boundaries move
at the same rate as the root tip and traverse edilsreas in root-tip frame, the boundaries are
motionless and cells move across the boundary tnoenzone to the next (Figure 1).

We usedArabidopsis thaliana, because the thin roots of these species facihigte
resolution imaging and kinematic analysis (Beemaiter Baskin, 1998), and imaged the same
root for three hours, obtaining a velocity profeery 5 min. Here, we show that growth
dynamics over 3 h are remarkably stable. Howeherrdotward boundary of the elongation
zone saltates toward and away from the tip. Ovethk saltations span approximately 75 pum,
with an average step in 5 min of 17 um. When tlo®sls removed, the root continues to grow
but shootward steps are modestly suppressed aadrthyosition where rapid elongation rate is
attained moves steadily rootward, halving the lerajtthe meristem in 24 h. These results
suggest that the boundary between meristem andagion zone is sited in part by an extrinsic

signal, originating from the shoot.



102 RESULTS

103 Root growth dynamics vary significantly over time

104 To characterize root growth dynamics, we imageab& for three hours so that a velocity
105 profile could be obtained every 5 min. Roots wenaged through a horizontal microscope and
106 grew inside the agar medium, an enclosure thatrer@samage quality and suppresses lateral
107 movement of the root (See Figure S4). Images sphmasgistem and elongation zone but

108 excluded the maturation zone, because includingitid have decreased resolution. From a pair
109 of images separated by 30 sec, the velocity prafde obtained by Stripflow software (Yang et
110 al. 2017; Baskin and Zelinsky, 2019). At each padehg the midline of the root image, starting
111 atthe quiescent center, Stripflow estimates thBanan the two images of a strip-like region of
112 interest, as wide as the root and 40 pixels (~2Dlpng, centered at that midline pixel; the

113 component of motion tangent to the midline is taéetvelocity.

114 In general, the velocity profiles for a root caaed closely (Figure 2A). The alignment
115 appeared closest in the rootward 0.5 mm or sogspanding to the meristem along with any
116 adjacent transition zone. For this study, a tot&%control roots were imaged and all showed
117 velocity profiles that were well aligned over tiede hours (Figure S1). This study includes
118 roots imaged in the UK (Nottingham) and in the U@#nherst) with similar results. To

119 illustrate the alignment, we averaged all 37 veioprofiles for a single root and plotted the
120 standard deviation around that average (Figurea®B)the residuals (Figure 2C). Both types of
121 plot have a transition between regions of low aigth ariability (at arounc = 475 pum in the
122 example shown), with the sharpness of the tramsitiederscoring the congruence among the
123 underlying velocity profiles.

124 To characterize the temporal variation within tadeselocity profiles, we used principal
125 component analysis. Strikingly, the first compongedre explained more than 60% of the

126 variation in the data while the second explainsg than 8% by (Figure 3A). Because of its
127 dominance, we focus here on principal component Bhe first component score, but neither

128 the second nor third, underwent pronounced templociliations (Figures 3B, S2). These



129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155

fluctuations appeared broad and somewhat sinusfmd#ie roots imaged in Nottingham but
narrower and less regular for those imaged in Asth&igure S2). To determine how likely this
temporal variation would have happened by chanes;awried out a runs test, which tests for
serial correlation in a sequence of values agaimstll hypothesis stating the sequence is random
(Bradley, 1968). For the roots imaged in Nottingh#me time dependent variation in the first
principal component was significant in 11 out af R roots imaged, and for roots imaged in
Ambherst, the variation was significant in 17 outloed 23 roots imaged (Figure 3C). Thus for
most roots, velocity profiles over time deviatenfrperfect superpaosition not only because of

noise but also because of some non-random (nee;diependent) behavior.

Thefirst principal component score relates to the position of the e ongation zone

Principal component analysis has the advantagetofg on the data directly, without
any modification; however, it has the disadvantidge the components elaborated are purely
mathematical. To relate the principal componembtd growth, we parameterized the velocity
profile. The first parameter tgp velocity (i.e., the rate at which the tip moves), measudiszttly
by Stripflow. The second paramet&ry, was obtained as thxecoordinate of the intersection of
the best-fit pair of lines to the velocity profi{Eigure 4A).Trx, represents, roughly, the
transition between meristem and elongation zonenTlnes were fitted to the data on either
side ofTrx, except that a 300 pum interval, centeredon was excluded because the velocity
profile within this region is non-linear (Figure XB\Iso excluded was the shootward region of
the data in any instances where the profile cudegnward due to the velocity plateau (see e.g.,
Figure 7D). The next two parameters were the slgb¢hese linesnfl for the presumptive
meristemm?2 for the elongation zone). The slopes have unitstahe and estimate emental
elongation rate. This rates how fast length increases without regard to kibsdength and
represents the speed of the elongation procesis(agaocess sometimes calledl elongation,
despite the process being sub-cellular). Strigilaking.elemental elongation rate applies to an

infinitesimal increment of length; by fitting a 8rto a segment of the velocity profile, we are



156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182

approximating elemental elongation rate over tegian as constant, equal to the line’s slope.
The final parametex-int, was obtained as theaxis coordinate of the point where the line fitted
to the profile in the elongation zone foR intersects a horizontal line at a valugy@hosen for
that root to bisect the average fitted intervag(ife 4B). In terms of root growtkint represents
the relative position of the zone of elongatios.(ia larger value indicates that the elongation
zone is farther from the tip).

When the parameters at each time are averagedh®vesots in the data set, their
temporal stability is clear (Figure 4C). Stabiltyas also seen for growth rate in meristent)(
but this parameter is less accurately measuredsaoditted from Figure 4C (see Figure S12).
Only tip velocity changed by more than 5% over3he increasing steadily. Roots Af
thaliana are known to grow faster over time (Beemster aaski, 1998) although that study
reported a rate of increase about half as fast@s sere. Botfirx and thex-intercept were
strikingly constant over the 3 hours. Although #isolute values of the parameters on average
show that roots imaged at Amherst were growinghflljgaster and with slightly larger
elemental growth rate in the elongation zom2)(than those in Nottingham, the data from the
two laboratories are otherwise similar (Table 1).

These parameters were chosen to represent distements of the velocity profile. To
examine to what extent the parameters are indepgnale calculated the correlation coefficient
between various pairs (Figure 5A). The parametergworrelated modestly though average
values were rather low. The reasons for the madestlations are not clear but we feel that
such a level of dependence will not influence auratusions unduly.

Next, we calculated the correlation between tipegameters and the first principal
component score. Here, because the sign of theamuenpis arbitrary, we present the values for
the squared coefficient only (Figure 5B). The fpgahcipal component score was correlated
weakly toml, m2, andTrx, but strongly to the-intercept. To illustrate the strength of this
correlation, we plok-int together with the score versus time (Figures 6, B3e strict similarity

extends even to roots where the temporal variatiadhe first component was not significant in
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the runs test. Evidently, the time-dependent vianademonstrated for the first principal
component is captured substantiallyxeiyt. Insofar as-int reflects the position of the

elongation zone, these results indicate that tbaliltation of that zone saltates.

Shoot removal provokes the x-intercept to move rootward

To characterize the time-dependent variation &rrttve perturbed root growth by
removing the shoot. Because in our system the grots inside the agar, removing the shoot is
convenient compared to imposing salt or nutriergsst Also, because the growth medium for all
experiments contains sucrose, an energy sourcengmasent. Without a shoot, the primary
root grew surprisingly well for several days (Fig@84). To allow transients to diminish, we
waited for 2 h before starting the 3 h-image adtjais As for intact plants, roots without a
shoot had velocity profiles over time that coinciddosely (Figure 7A). In a few examples, the
growth zone appeared to be shortened, evidenc#tebyelocity nearing a plateau (Figure S5).
Also similar to intact plants, the parameters wareelated to each other to only a limited extent,
while the first principal component score was agaiikingly correlated to the-intercept
(Figure 5C, D).

However, differences from intact plants appearmtensidering the parameters
averaged at each time point (Figure 7B). Whilevgfocity increased across most of the interval,
similar to the increase for intact plants (Figuyetde elongation zone sloped) increased more
steeply while the-intercept, and to a lesser ext@nx, decreased steadily (Figure 7B).
Furthermore, removing the shoot altered the behaiithe first principal component score and
likewise thex-intercept: the saltations became unbalanced, ngaviex-intercept on-average
rootward (Figure 8, S6). On average over the 3drval, thex-intercept moved closer to the tip
by about 100 pm.

To extend these results, after removing the sheatwvaited 24 h before starting the 3 h
image acquisition. Again, the 37 velocity profildesely coincided, only now the profiles for

nearly all of the roots reached an evident platealicating that the complete growth zone had
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become small enough to be spanned by the ~1.2 nageirireld (Figures 7C, S7). The shorter
growth zone gave rise to a reduced tip velocityb{@d ). Based on parameterizing the velocity
profiles and on principal component analysis, tia’'s behavior at 24 h after excision
resembled a noisier version of the behavior a{Ridures 7D, S8, S9). In particular, although its
progress was noisy and diminished, xhatercept continued a net rootward movement. By 24
after shoot removal, the elongation zone slop® had recovered its pre-excision value whereas
Trx had moved about 250 um toward the tip (Table ttdrgly decreasedrx a day after
excision is consistent with previous observatiohtheA. thaliana root having a shorter
apparent meristem two days following shoot excig®rieneisen et al., 2007; Mahonen et al.,
2014).

Evidently, removing the shoot converts a stablekkend-forth saltation of theintercept
to a net movement toward the tip. To determine bowan this new pattern was established, we
began the 3 h-image acquisition as soon as posdieleshoot excision, in practice about 2 min.
Note that for the following data, time zero is three of the first image, not the time of cutting.
With this treatment, the velocity profiles diverggdgure 9A, S10). About 15 min after
removing the shoot, the measured parameters chamgknindly but transiently; by 45 min
after cutting, tip velocity and elongation zonep&ldell to about half of their time zero-value,
similar to results for tobacco (Nagel et al., 2Q@@)ile bothTrx andx-intercept increased by
around 25% (Figure 9B). After ~45 min, all of thgmeameters returned to near their pre-cut
values, with only tip velocity failing to recoveNe normalized parameter values to their value at
120 min and plotted them on the same scale asprsgusly (Figure 9C). After 120 min, the
parameters changed steadily and in a way that t@dednwhat was seen for roots imaged starting
2 h after shoot removal. The similarity betweentthed hour of the roots imaged immediately
after shoot removal and the first hour of thosegethstarting 2 h afterward is apparent from
plotting absolute values of the parameters (Fi§ire).

Along with causing the-intercept to move rootward, removing the shoot alkscreased

the elemental elongation rate of the meristerh) (Table 1; Figure S12). This rate was

10
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particularly low 4 to 5 h after shoot removal batdmot recovered fully by 24 h. It would be
interesting to determine whether this was accongahby an increased duration of the cell cycle.
In general, rates of division and elongation inrtieristem are tightly coupled, keeping average
cell length constant (Green, 1976) but we knowelidibout how this is regulated.

To gain further insight into the movement of #amtercept, we plotted the distribution
of the amount moved (“step size”) in five min (jileetween each time point) for intact plants and
those imaged 2 h after shoot removal (Figure 10A& distribution for intact plants was
symmetrical with the majority of steps being 10 pntess. The mean was slightly negative
(rootward) implying there might have been a sligét rootward displacement of tkentercept,
too small to have shown up in the average plots. sktape of the distribution differed from that
of a Gaussian curve, a deviation implying thatuhderlying process is out-of-equilibrium,
consistent with a non-random temporal process (\armd), 2012). Removing the shoot
changed the distribution subtly. First, shouldgygesred at -30 and +20 pm . Second, the
frequency of the smallest rootward step size waeased while the frequency of most
shootward step sizes was reduced. We also exarttiremimulative distribution of steps by
sorting steps for each root from largest negativéargest positive step (Figure 10B, C). For all
step-size ranks, the steps of cut roots were anf@rons more negative than those of intact roots,
a difference that if anything was slightly larger shootward (i.e. positive) steps. Taken together,
these data show that, with the shoot removed, bathsaltation of the elongation zone

continued but the balance point moved slowly (B0 ytm/h) rootward.

Temporal analysis shows material elements grow faster and then slower

The above analysis was spatial (sometimes cBllibetian); a contrasting approach is
temporal (oLagrangian) (Silk, 2006). A spatial reference is converte@tiemporal one by
means of a time-position trajectory (Figure 11A9).rake the trajectory, a particle is placed at
an arbitrary position (say, 400 um from the tipdl atiowed to move for five minutes at the

velocity known for that position from the first wglty profile. The particle arrives at a new
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position and the next five minute’s worth of movernis taken from the second velocity profile;
and so on, until the last velocity profile. The piosis reached by the particle at each time point
gives rise to the trajectory. In Figure 11A, thtegectories are shown: from roughly 400 to 490
pm, from 490 to 670 um and from 670 to 1,100 pngelioer, the three trajectories span the
transition region and most of the imaged elongatimme. Although each trajectory represents
three hours, the trajectories are increasinglyéomg space because velocity increases with
position.

With trajectories built, we followed elemental e¢imtion rate for a material element as it
moved through the root (Figures 11B, C; S13). Tla¢enial element represents an
infinitesimally thin band of root, but one may inag) these plots as following a cell. When
viewed with respect to time, elemental elongatiae increased gradually, particularly for the
lower two trajectories, but here and there the flatduated (Figure 11B). A fluctuation could
happen in a single trajectory, or in two or alkeaisynchronously (Figure S13). When viewed
with respect to position, the fluctuations happetiedughout the studied region (Figure 11C,
S14). Notably in these fluctuations, local growdkernot only increased, it also decreased.
Growth rate decreases are surprising, insofar@stgrrate from meristem to elongation zone is
generally considered to increase monotonicallydissussed below, these transients probably

account for the saltatory movement of iatercept.
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DISCUSSION

We sought to understand root zonation by charnaatgrgrowth dynamics. We found in
general that growth dynamics are reasonably stabke minutes-to-hours scale, implying the
existence of tight regulation. Stable growth dyrnesware consistent with previous observations
(e.g., Chavarria-Krauser et al., 2008; Shih eRél14), at least as assessed by eye. But we also
discovered significant temporal variation. The &aaon was significant statistically for the
principal component one score, notable becauseipahcomponent analysis reflects the data
directly. Because the first component explains goritg of the variation in the dataset and is
correlated tightly to-int, we conclude that-int likewise varies significantly over time. We did
not carry out a runs test arint because of the strength of its correlation tofittlsé component
score. This¢-intercept saltates toward and away from the ripott fluctuation implying that
zonation is regulated in part by a feedback medmanConsistently, we discovered that
removing the shoot alters the balance-aftercept movement, resulting in the elongationezo
moving toward the root tip. We hypothesize thatgsheot supplies one or more signals to a

feedback mechanism shaping the growth zone.

Variations on the theme

Our experiments began at the University of Notteng, where principal component one
varied over time with sufficient regularity that weuld fit a sine function to the data and
determine an average period of around 90 min falsind with auto-correlation analysis).
Experiments continued at the University of Massaelis, where principal component one
varied over time, but with less regularity (Fig82). At Amherst, to obtain smoother kinetics,
we varied a variety of factors, both biologicab(esize of Petri dish, growth chamber model,
seed batch) and technical (e.g., microscope caroptias, light source), to no avail. That none
of these things altered the results appreciablggis confidence that they are robust; however,

the reason for the qualitative differences betwibertwo settings remains unknown.
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309 A 90 min period is similar to periods reportedypoessly for various kinds of rhythmic
310 growth phenomena, including organ growth rate (Ba<2015). These rhythms are sometimes
311 calledultradian to contrast them with the longer and more commstudied circadian rhythms.
312 Therefore, we checked to what extent principal coment one is correlated to tip velocity

313 (Figure S15). For all of the treatments studiediasgd correlation coefficients were spread
314 rather evenly from zero to 1. Thus, in our systdisplacement of the root tip is rhythmic in the
315 ultradian range sometimes but not always; moresuevement of the-intercept is only

316 occasionally associated tightly with root tip vetgc

317

318 The movement of the x-intercept

319 What is the meaning of thisintercept and its movement? Tkdntercept is one of

320 several parameters used here in representing tbeityeprofile as two linear regions (with slope
321 mlandm2) that flank a curved (and un-parameterized) ttaorsregion. These slopes represent
322 elemental elongation rate. As shown previouslyvitlecity profile within the elongation zone is
323 fitted by a line surprisingly well, meaning thatstreasonable to assume that the zone elongates
324 at a constant rate throughout much of its lengém @@er Weele et al., 2003). Théntercept

325 represents the position of this line alongxtkexis. Wherx-int decreases, the elongation zone
326 has expanded to become closer to the root tip;esely, when-int increases, the elongation
327 zone has receded to become farther away frompgh&V& conceptualize changes in the

328 intercept as movement of the elongation zone’swaat boundary, although we recognize that
329 the boundary is gradual. Because the elongatioa w@s too large to image in its entirety, we
330 do not know if rootward and shootward boundarieseriadependently, although we suspect
331 theydo.

332 What could cause the rootward boundary of thegetian zone to translate back and
333 forth along thex-axis? The intercept’s position will be affecteddhanges in the slope of the
334 line (m2); but, around the midpoint of the regression vaérthese changes should be too small

335 to shift the intercept’s position by the tens otrons often recorded. Also minor, compared to

14



336 the magnitude of-intercept movement, is imprecision associated defining the origin of

337 each velocity profile (i.ex = 0), an uncertainty that we estimate to be aptug-or-minus 1 pm.
338 Given that the value of theintercept depends on the length of the meristdus (@ssociated

339 transition zone), were that region to rapidly ira=e in length then that would move #e

340 intercept shootward. However, the growth rates oneaksfor that region are too slow to account
341 for all but the smallest shootward steps.

342 Instead, the most tenable explanation for the {aexckforth movement are increases and
343 decreases in elemental growth rate around the svdtflank of the elongation zone. A rootward
344 step indicates that additional material has joitedzone of elongation, an accretion that

345 shortens the distance between the root tip andlsapiongating material; conversely, a

346 shootward step indicates that a band of materidgdeatootward edge has slowed its elongation, a
347 loss that increases the amount of slowly growintenm between the tip and the elongation
348 zone. This explanation motivated the temporal aisfyvhich in fact found the predicted growth
349 rate transients (Figure 11B, C). Evidently, grovgtiprone to speed up and slow down as it

350 ramps up to its eventual maximum.

351 Are these growth rate transients related to mashemthat position the rootward

352 boundary of the zone of elongation? Positioningltbendary and growth rate transients might
353 be independent phenomena. Alternatively, the masirasiting the boundary might home in on
354 the desired position by using feedback from exiesigmals, prompting first a growth rate

355 increase and then a decrease. In this view, tisedbimformation from the shoot would alter the
356 poise between these opposing impulses. We favan#ehanistic link because the growth rate
357 transients are large and the two processes aralspabngruent.

358

359  Roleof the shoot in the growth dynamics of the root

360 When the shoot is removed, growth changes in twas@s. In the first, which lasts less
361 than two hours, nearly every feature of growth dgita changes. In the second phase, which

362 lasts for at least a day, growth dynamics resemtiglse of intact plants, except that the position

15
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of the elongation zone moves steadily rootwarddth phases, the responses presumably
happen because the roots lose something providetdmt, but for each phase the missing
material might be distinct.

Based on its speed, the first phase could bedrgghby the abrupt release of tension in
the xylem and the consequent upward surge in vpatential. Within minutes, removing the
shoot changes turgor pressure in cortical cellsw@ermann et al., 1992; Rygol et al., 1993) and
decreases aquaporin expression and hydraulic cowidpi€Vandeleur et al., 2014; Meng et al.,
2016). What's more, following excision, aquaporamsl conductivity decrease even when the
phloem has been stopped beforehand by girdlingd¥laor et al., 2014) but stay constant when
xylem cells at the cut root stump are connectelpgamp and put in tension (Meng et al., 2016).
Nevertheless, factors that govern water transpomn the root to the shoot (summed up in root
hydraulic conductivity) probably are distinct frahmose governing growth at the root tip. Indeed,
root tip velocity decreases rapidly (similar to #ieetics seen here) whénthaliana leaves are
wounded carefully to keep the xylem intact; anduélecity decreases even more when such
wounds are laced with bacteria (Schmidt et al. 020Ihese results imply that the initial rapid
changes in root growth are not necessarily exptidheectly by lost xylem tension.

About two hours after shoot removal, growth par@msebecome stable, but the balanced
back-and-forth movement of tixa@ntercept changes to favor a net movement towseddot tip,

a movement that continues for at least a day aodests the apparent meristem. Likewise, the
elongation zone becomes shorter, as seen by wefwoiiles at 24 h after shoot removal
reaching a plateau within the microscope’s fieldiefv (Figures 7C, S7). Evidently, without a
shoot, both boundaries of the elongation zone mootvard. Although the changes during the
second phase could be a root-based response to/lest tension, we hypothesize that the
position of the boundaries is influenced by a sigraasmitted from the shoot.

What is the signal? One possibility is sucrosectvineaches the root through the phloem
and in addition to being a substrate often acts signal (Ruan, 2014). In our experiments,

sucrose (1%) is present in the medium; when theosads omitted, shoot removal stops root
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390 growth entirely within an hour or two, suggestihgttsucrose is taken up by shoot-less roots
391 (MacGregor et al., 2008). However, sucrose entaghrgoot via the epidermis might send a
392 distinct signal compared to sucrose unloaded fitoaphloem.

393 Instead, the signal might be auxin, a compoundvknio influence almost every aspect
394 of plant physiology. Oscillations in auxin signagidrive the formation of lateral roots (De Smet
395 etal., 2007; Moreno-Risueno et al., 2010; Xuaal £2015) although their period is 4 hours or
396 more, longer than the ~1.5 h seen here. We soagtégtermine whether auxin could mimic the
397 presence of a shoot and maintain balanced moveshém x-intercept. Applying auxin to the
398 cut stump and assaying root elongation over sedana, we reasoned that an excessive

399 concentration would inhibit growth strongly whereasuitable concentration would be at the
400 threshold for inhibition. Contrary to our reasonanyd in contrast to previous results (e.g., Reed
401 etal., 1998; Fu and Harberd, 2003), the auximditthing to root growth, regardless of

402 concentration and of whether auxin was appliedar @r lanolin or onto cut or intact plants (at
403 the root-shoot junction). Likewise, auxin addedhe stump failed to decrease fluorescence at
404 the root tip from the DII-Venus reporter. Auxin Hasen reported to need the phloem to move
405 effectively from shoot to root (Bishopp et al., 20land sometimes moves to a limited extent in
406 intact plants (Chen et al., 2014). Be that as §,m& were unable to test auxin involvement
407 experimentally.

408 Another candidate signal is cytokinin, becausg flarmone regulates the size of the
409 meristem (Takatsuka and Umeda, 2014; Gu et al8)2@bwever, cytokinin typically represses
410 the size of the meristem, as seen for example bgenous cytokinin shrinking the meristem
411 (Beemster and Baskin, 2000) and by loss of cytokiesponsiveness enlarging it (Dello loio et
412 al., 2008, 2012). What's more, meristem size ishanged when cytokinin reaching the root is
413 limited by a cytokinin oxidase expressed specifjcal the phloem (Bishopp et al., 2011).

414  Apparently, the cytokinin used for sizing the memm is internal to the root.

415 Besides auxin, hormones that positively regulagesize of the meristem include

416 gibberellin and brassino-steroid (Band et al., 20§2i et al., 2016). Loss of either could be
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417 expected to shorten the meristem. However, in mxhdiboth of these hormones positively

418 regulate elemental (“cell”) elongation rate. Insada roots without shoots recover their

419 elemental elongation rate (as indicatedhi®) to precut levels (Table 1; Figure S11), neithfer o
420 these hormones are straightforward candidates.

421 The final possibility to consider are signals by ions such as action potentials or
422 calcium waves (Choi et al., 2017; Toyota et al180While wounding generates such signals
423 avidly, the implication here is that the signgbresent continuously in intact plants, adjusting
424  the position where constant elemental elongatitaisaattained. Discovering the signal that
425 propagates stably through the plant to convey métion influencing root growth dynamics
426 stands as a challenge for the future.

427

428 Limitations of the study

429 As discussed above, we identify three limitatidnsThe velocity profiles contain high-
430 frequency noise and we do not know whether theenmigjinates from technology (e.qg.,

431 vibrations) or biology (e.g., cytoplasmic strean)ir®y The shootward boundary of the

432 elongation zone was not imaged and we do not knbetler this boundary moves together with,
433 or independently of, the rootward boundary. 3: Tdwward boundary of the elongation zone is

434 positioned with input from the shoot but we do kiebw the nature of this input.
435
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RESOURCE AVAILIBILITY
Lead contact: Further information and requests for resourcesraagents should be directed to

and will be fulfilled by the Lead Contact, Tobiaadkin, baskin@umass.edu

Material availability: This study generated no new materials.

Data and code availability: Stripflow is available here: https://github.corobiasBaskin/
Stripflow-release. The data and other code supppttie current study have not been deposited
in a public repository because they are idiosyinceatd unwieldy, but are available from the

corresponding author on request.
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Figure legends

Figure 1. Root growth dynamics at steady-stateln the laboratory frame (left), where growth
pushes the tip downward, the boundaries (orangs)libetween zones move, keeping pace with
the root tip. In this frame, the boundaries passdilg (blue and red ovals) and by the spatial
coordinates (mustard-colored scale). In the rgnframe (right), where growth apparently
pushes material upwards, the boundaries remalreatame coordinates and are traversed by
cells. The tip (in fact, the quiescent center)ssignedk = 0. Reference values (microns) on the

scale are approximate.

Figure 2.Velocity profiles for one root. A 37 velocity profiles, one every 5 min over 3 bor F
other roots, see Figure 3. Standard deviation versus position of the 37 sigjoralues shown
in A. C: Difference between the raw datum and the mean the residual) versus position for

the 37 profiles shown in A.

Figure 3.Principal component analysis A: Amount of the total variance explained by each of
the first 37 components. Open circles plot meatattdard deviation (when larger than the
symbol) for the 35 intact rootB: Plot of the first three component scores versus for a

single root. For other roots, see Figure G20utcome of runs test for non-randomness of the

first three components. Roots 1 - 12 are from Ngttam.

Figure 4.Parameterization of the velocity profile A: The parametefrx is found as the-
coordinate of the intersection of the two besedflttegression lines (red) to the raw data (black,
velocity profile) for a single time poinB: The slopesnl andm?2 are found by centering a 300
pm window afTrx and then fitting lines to the data on either gréel). Finally,x-int is found

from thex-coordinate of the intersection of the velocityfieowith a reference velocity
(horizontal blue dotted line). The reference isaaied for a given root as tlyecoordinate of the

midpoint of the average regression interval usdthtbm2. C: Parameter time courses.
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Parameters for each root were averaged over tixpeegsed as a percentage of the mean, and
then translated horizontally so that each curvelavstart at 100. The tip velocity parameter is
measured directly by Stripflow along with the vetgrofile. The time-course fanl is omitted
for clarity. Sample size = 35. Parameters (inclgain) are plotted as absolute values in Fig's

S10 and S11.

Figure 5.Correlations among key parametersA andC: values of the correlation coefficient
(R) for the indicated parameter pairs for intact & 2 h cut (C) roots. Numbers above the
symbols give mean + SD of tiﬁe? value.B andD: Squares of the correlation coefficieRgI for
the indicated parameters versus the first prina@patponent for intact (B) and 2 h cut (D). Each

symbol represents a root. Comparable data for @4 are shown in Figure S7.

Figure 6.Comparison of the time course for principal componet 1 score andx-int for a

single intact root Data for all intact roots shown in Figure S3.

Figure 7.Shoot removal.A: All 37 velocity profiles for a root following slo removal, with
imaging started 2 h after removing the shoot (‘tY). All replicate roots shown in Figure S5.

B: Parameter time courses for the 2 h cut rootstquas for Figure 4. Sample size = 17. C: All
37 velocity profiles for a root following shoot rewal, with imaging started 24 h after removing
the shoot (“2 h cut”). All replicate roots shownHRigure S7. D: Parameter time courses for the
24 h cut roots, plotted as for Figure 4. Sample siA2. Absolute parameter values are plotted in

Fig's S10 and S11.

Figure 8.Comparison of the time course for principal componet 1 and x-int for a single 2 h

cut root. Data for all 2 h cut roots shown in Figure S5.

26



646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664

665
666

Figure 9.Growth dynamics with imaging started immediately ater shoot removal (“zero h
cut”). A: All 37 velocity profiles.B: Parameter time courses, plotted as in Figureigwiih the
scale reduced to accommodate the large changepl&saize = 12. Parameters are plotted as
absolute values in Fig’'s S10 and SI:1Same data as in B, but shown on a scale sinailtrat

of Figure 4 and translated so that the curvesgplbke100% at 120 min.

Figure 10 Analysis ofx-int steps for intact and 2 h cut seedlings he step size is the

difference between successive (i.e., every 5 mahjas. A: Frequency distribution. Symbols

plot mean for each root £ 95% confidence interdaimerical values show mean = SD for all
steps in the treatmeri®, C: Cumulative distributions. For each root, stepsangorted from

largest negative to largest positive and then @esgt@ver each rank (i.e., the smallest steps were
averaged, then the next-smallest, and so on). Brage step size of each rank = 95%
confidence interval. C: The difference (2 h cuttact) for the data in B. Total roots: n = 35 for

intact, 17 for 2 h cut; total steps: n = 1269 faact; n = 612 for 2 h cut.

Figure 11.Temporal analysis for the root of an intact seedlig. A: Position-trajectories. The

end of the black trajectory is at the position véhttre red one starts; the end of the red trajectory
is where the blue one stark. Elemental elongation rate as a function of timethe three
trajectories. Plots for all intact roots in FigiB#2.C: Elemental elongation rate as a function of

position for the three trajectories. Plots foriatact roots in Figure S13.
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Table 1

Average root-growth parameters

Treatment Tip velocity ml Trx m2 x-int
pm / min %/ h Hm % /h pm
Intact plants
Nottingham 8.3+2 5.7+0.9 40 £ 4.6 553 +51 915+ 44
Amherst 55%1.1 5.6+0.6 34+43 532 +£42 979+ 90
Al 73x22 5.7+0.8 38+5.3 548 + 51 957 + 82
Shoot removed
Oh 49=zx1 43+0.8 31+27 474 £+ 73 1028 £ 92
2h 47x08 3.1+0.7 32+3.2 540 + 65 888 + 76
24h 3.6+0.8 461 37+£3.2 273 £ 63 503 + 82

Data are mean £ SD, with n = 12 (Nottingham), &&erst), 35 (All), 17 (2 h), 12 (24 h), and
12 (0 h). For Shoot removed, the times given aedithes between shoot removal and the start
of imaging, except for 0 h where approximately 2 mliapsed between cutting and imaging

onset.
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Highlights

* For arabidopsis roots, the distribution of eldiais stable over several hours.

* The position of the elongation zone saltates gy 17 um on average over 5 min).
» After shoot excision, saltation continues withedt movement towards the tip.

* The elongation zone may be sited by a feedbadharesm, with input from the shoot.



