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Plant roots show a particularly high variation in their morphological response to different nutrient deficiencies. Although such
changes often determine the nutrient efficiency or stress tolerance of plants, it is surprising that a comprehensive and comparative
analysis of root morphological responses to different nutrient deficiencies has not yet been conducted. Since one reason for this is an
inherent difficulty in obtaining nutrient-deficient conditions in agar culture, we first identified conditions appropriate for
producing nutrient-deficient plants on agar plates. Based on a careful selection of agar specifically for each nutrient being
considered, we grew Arabidopsis (Arabidopsis thaliana) plants at four levels of deficiency for 12 nutrients and quantified seven root
traits. In combination with measurements of biomass and elemental concentrations, we observed that the nutritional status and type
of nutrient determined the extent and type of changes in root system architecture (RSA). The independent regulation of individual
root traits further pointed to a differential sensitivity of root tissues to nutrient limitations. To capture the variation in RSA under
different nutrient supplies, we used principal component analysis and developed a root plasticity chart representing the overall
modulations in RSA under a given treatment. This systematic comparison of RSA responses to nutrient deficiencies provides a
comprehensive view of the overall changes in root plasticity induced by the deficiency of single nutrients and provides a solid basis

for the identification of nutrient-sensitive steps in the root developmental program.

Plant survival and performance are highly dependent
on the plant’s ability to efficiently explore the soil in the
search for water and minerals. Thus, root growth and
architecture are extremely relevant for the plant’s ad-
aptation to the growth medium, as they determine the
soil volume that a plant is able to explore at a given time.
Root system architecture (RSA) represents the spatial
arrangement of roots of different ages and orders
(Lynch, 1995; Osmont et al., 2007) and is determined by
genetic factors and the integration of environmental
cues (Malamy, 2005). The genetic component deter-
mines the fundamental morphology and blueprint of a
plant’s root system, whereas environmental cues shape
root architecture by modifying the intrinsic genetic
program. The existence of this additional level of reg-
ulation allows plants to display a high level of root
plasticity, which reflects the shape, three-dimensional
distribution, branching pattern, and age of the primary
and postembryonically generated roots (Pacheco-
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Villalobos and Hardtke, 2012). The dynamic modula-
tion of RSA is based on the intrinsic developmental
nature of the different components of the root system. In
fact, the primary root (PR) is established during em-
bryogenesis, while the lateral roots (LRs) that originate
from the PR develop postembryonically (Osmont et al.,
2007; Péret et al., 2009). These highly dynamic changes
in the overall RSA throughout time finally determine
root plasticity and allow plants to efficiently adapt to
environmental constraints.

Nutrient availability can exert a profound impact on
RSA by altering the number, length, angle, and diameter
of roots and root hairs (for review, see Forde and
Lorenzo, 2001; Lépez-Bucio et al., 2003; Malamy, 2005;
Osmont et al., 2007). In fact, plants can respond to the
heterogenous availability of resources by allocating
roots where the most favorable conditions are found
(Zhang and Forde, 1998; Linkohr et al., 2002; Remans
et al., 2006; Lima et al., 2010; Giehl et al., 2012). When
grown under limited phosphorus (P) availability, roots
exhibit a shallower architecture that results from the
inhibition of PR elongation and the concomitant in-
crease in LR formation (Williamson et al., 2001; Lépez-
Bucio etal., 2002; Sanchez-Calderon etal., 2005). Such an
architectural rearrangement of the root is thought to
improve the plant’s ability to forage P from the usually
P-enriched topsoil horizon (Lynch and Brown, 2001;
Rubio et al., 2003; Zhu et al., 2005). In contrast to low P,
reduced nitrogen (N) availability stimulates PR and
particularly LR elongation but not LR initiation (Linkohr
et al., 2002; Lopez-Bucio et al., 2003). However, it is
noteworthy that under severe N shortage, LR formation
is almost completely absent (Krouk et al., 2010),

Plant Physiology®, September 2013, Vol. 163, pp. 161-179, www.plantphysiol.org © 2013 American Society of Plant Biologists. All Rights Reserved. 161


http://orcid.org/0000-0002-3481-7444
http://orcid.org/0000-0003-1006-3163
http://orcid.org/0000-0003-4493-3673
http://orcid.org/0000-0002-4966-425X
mailto:vonwiren@ipk-gatersleben.de
http://www.plantphysiol.org
mailto:vonwiren@ipk-gatersleben.de
http://www.plantphysiol.org/cgi/doi/10.1104/pp.113.218453

Gruber et al.

suggesting that plants require a certain level of N to
sustain an active foraging strategy. These examples in-
dicate that the availability of different nutrients can
evoke distinct effects on RSA that depend upon which
nutrient is supplied and the concentration of the sup-
plied nutrient.

Unfortunately, for the majority of the nutrients, a
more detailed analysis of the architectural modifications
under deficient conditions is still missing. In fact, most
studies describe the effect of nutrient deficiencies on root
growth and development only in terms of root bio-
mass or total root length (Hermans and Verbruggen,
2005; Hermans et al., 2006; Richard-Molard et al., 2008;
Jung et al., 2009; Cailliatte et al., 2010). Thus, important
features of the root system are not comprehensible from
these rather basic measurements. The characterization
of RSA in more detail appears justified due to the posi-
tive correlations found between single root character-
istics and plant yield, especially when the supply of
water or mineral resources was limited (Landi et al.,
2002; Tuberosa et al., 2002; Manschadi et al., 2006;
Kirkegaard et al., 2007; Steele et al., 2007). Although a
large number of studies have been conducted on
the root development of grasses (Hochholdinger and
Tuberosa, 2009; Iyer-Pascuzzi et al., 2010; Pacheco-
Villalobos and Hardtke, 2012), our understanding of
the molecular players involved in the regulation of root
growth and development has benefited most from
studies of the reference plant Arabidopsis (Arabidopsis
thaliana) grown under controlled conditions to mini-
mize variability. However, imposing consistent nutrient
deficiencies presents an experimental challenge as long
as plants are grown on agar medium, which is the
method of choice to preserve the spatial arrangement of
the root system and access a larger number of root traits.

A major drawback of agar and agarose media is their
inherent nutrient load, such that traces of nutrient con-
tamination must often be made unavailable to plants,
for example by adding chelating agents to lower the free
activities of micronutrients (Bell et al., 1991; Yang et al.,
1994; Rengel, 1999). Additionally, in many cases, symp-
toms of deficiency are only observed in mutants impaired
in the uptake of the nutrient in question (Tomatsu et al.,
2007; Mills et al., 2008; Assuncdo et al., 2010). In general,
gelling agents may contribute considerable amounts
of nutrients (Debergh, 1983; Scholten and Pierik, 1998),
hampering the occurrence of deficiency for specific nu-
trients (Jain et al., 2009). Thus, it becomes crucial to select
the most suitable gelling agent when particular nutrient
deficiencies are to be obtained. This is particularly rel-
evant as strategies depending upon the use of gelling
media are being developed to overcome the bottleneck
that often limits RSA traits from being characterized in
high-throughput phenotyping studies (Iyer-Pascuzzi
etal., 2010; Clark et al., 2011).

In our approach to compare RSA under different
nutrient deficiencies in Arabidopsis plants grown on
solid medium, we first identified the most appropriate
conditions for producing nutrient-deficient plants on
agar plates. Once identified, these conditions allowed us
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to characterize the effects of 12 deficiencies at four in-
tensity levels on the RSA by measuring seven root traits.
These measurements, in combination with biomass and
elemental concentrations, allowed us to determine the
nutrient-specific effects on particular parameters of the
RSA and thus to describe the root plasticity of Arabi-
dopsis and analyze the underlying traits under different
nutrient deficiencies.

RESULTS

The Choice of Gelling Agent Is Critical in Obtaining
Nutrient-Deficient Plants

A number of gelling agents were tested for their
suitability as a substrate on which to obtain plants de-
ficient in several nutrients. An analysis of the elemental
concentration within various types of agar, agarose, and
gel media revealed a large variation in the levels of
nutrients contained within the different gelling agents
(Table I). Indeed, the variation in elemental concentra-
tions ranged from approximately 4-fold (e.g. copper
[Cu]) to 2,000-fold (e.g. potassium [K]) depending upon
the element. Washing Difco agar five times with dem-
ineralized water reduced the concentration of some el-
ements (boron [B] and P) by up to 4-fold, although for
most elements the effect was minimal (data not shown).
There was also some variation between batches of gel-
ling agents, but this variation was less than 2-fold in the
agents tested (data not shown). Typically, agaroses
contained fewer elements than agar or gel;, however,
there was no single gelling agent that could be uni-
formly classified as containing the least contamination
of all elements. Additionally, Arabidopsis seedlings
grew poorly or inconsistently on the Sigma B agar and
all of the agaroses tested (data not shown). The cause of
the poor growth was not investigated further.

Gelling agents that enabled healthy plant growth
were then specifically chosen for each nutrient based on
the elemental concentration within the agent (Table I).
Generally, the gelling agent with a lower concentration
of the nutrient in question was selected. However, there
were some instances where a greater visible response of
the shoot or roots to nutrient deficiency, and thereby
most likely a greater degree of nutrient deficiency, was
achieved by using an agent that did not have the lowest
concentration (Table I). This may be because the con-
centration of nutrients available to the plant is lower
than what was measured, probably due to some of the
nutrients being bound in forms that plants were unable
to acquire. Indeed, calcium (Ca) was the only nutrient
whereby a gelling agent (Sigma A) was selected that
contained substantially more nutrient than the other
gelling agents. In this case, much of the Ca is probably
bound within the gelling matrix, resulting in a lower
plant-available Ca concentration. In general, we ob-
served a similar dependence of the root morphology
under nutrient deficiency on the type of gelling agent to
that described by Jain et al. (2009), which was most
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All values are in um. Shown are means (n = 3-4 measurements from the same batch). Different letters indicate significant differences among means in the column (P < 0.05; Tukey test).

Boldface values indicate agar that was selected to study RSA responses to the deficiency of the nutrient in question. Al, Aluminum; Na; sodium.

Table I. Elemental concentrations in a 1% agar/agarose solution
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likely related to nutrient levels in the agar medium.
Consequently, we decided to monitor changes in root
traits by comparing adequately supplied plants with
plants grown not only in the complete absence of a nu-
trient but at three levels of deficiency. The parallel de-
termination of nutrient concentrations in the shoot
allowed nutrient supplies to be set to ensure nutrient
deficiency at the lowest supply. This approach allowed
us to observe the progression in change of root traits
under nutrient deficiency.

The Response of the RSA to the Deficiency
of Macronutrients

P

With decreasing P supply, P concentrations in shoots
decreased steadily from 14.0to 1.1 mg g~' (Table IT) and
thus gradually into severe P deficiency (optimal P con-
centrations in plants range from 3 to 5 mg g ';
Marschner, 2012). Additionally, Kand magnesium (Mg)
concentrations in shoots decreased significantly,
in particular under the most severe P deficiency
(Supplemental Table S1). This is in agreement with a
previous report showing that K concentrations decrease
significantly in shoots of P-deficient plants (Misson
et al., 2005). The fresh weight of the shoot decreased by
40% at moderate P deficiency (50 um) and by 90% at se-
vere P deficiency (0 uM). By contrast, the fresh weight of
the root decreased significantly only at severe P defi-
ciency (70% reduction at 0 um; Table II). The root-to-
shoot ratio thereby increased with decreasing P supply.

The deficiency of P produced a root system that was
shallower but more highly branched (Fig. 1A). Such
an effect of low P on RSA has already been reported
(Williamson et al., 2001; Lépez-Bucio et al., 2002, 2003;
Pérez-Torres et al., 2008). However, our detailed RSA
analysis also revealed that low P supply not only
inhibited PR length but also decreased the length of the
LR formation zone in the PR (LR FZ™) relative to the
length of the whole PR (Fig. 1C). The decrease in the PR
length was accompanied by an increase in the density of
first-order lateral roots (1° LRs) at moderate P deficiency
(50 um P), but this also decreased upon the more severe
deficiency achieved at 0 um P (Fig. 1D). It is noteworthy
that, throughout this study, LR densities are reported as
the number of visible LRs divided by the length of
the branching zone (BZ). According to Dubrovsky and
Forde (2012), the estimation of LR density within only
the primary root BZ (BZ™) is a more appropriate mea-
surement, especially when the proportion of the PR that
is branching is altered, as was the case under reduced P
supplies (Fig. 1C).

Similar to the PR, the average 1° LR length also de-
creased with decreasing P supply (Fig. 1E) and was ac-
companied by an increase in the density of second-order
lateral roots (2° LRs) that tended to increase even under
severe P deficiency (0 uMm; Fig. 1F). Interestingly, the
average 2° LR length was barely affected by P deficiency
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Table Il. Dry weight, root-to-shoot ratio, and elemental concentrations of shoots and roots of plants grown on varying concentrations of nutrients

Different letters indicate significant differences among means for each nutrient either in shoots or roots (P < 0.05; Tukey test). n.a., Not assessed, as
there was too little root material; ns, not significant.

Fresh Weight Nutrient Concentration

Nutrient Treatment Root:Shoot Ratio
Shoot Root Shoot Root
pm added mg plant™’ mgg’
P 625 12.4 a 2.7 a 0.22 14.0 a 13.0 a
100 8.8 ab 2.2a 0.25 9.8 b 7.9 ab
50 7.1b 1.9 ab 0.27 55c 7.0b
6 um? 0 1.3 b 0.8b 0.61 1.1d 29b
N 11,400 10.0 ab 2.6a 0.26 72 a 48 a
550 10.7 a 32a 0.30 66 b 45 a
275 6.2 bc 2.3 ab 0.37 48 ¢ 39b
1,610 um ° 110 3.1c 1.3 b 0.43 29d n.a.
Ca 1,500 12.2 ¢ (0.73 b)° 3.9 ¢ (0.41 ns) 0.32 (0.56) 4.1 a 2.6 ns
500 15.9 b (0.90 ab) 6.4 b (0.57 ns) 0.40 (0.63) 3.2 ab 2.1 ns
100 18.9 a (1.10 a) 8.2 a (0.52 ns) 0.43 (0.48) 1.5 bc 1.9 ns
550 um? 0 19.5a(1.03 a) 7.2 ab (0.50 ns) 0.37 (0.49) 12c 1.7 ns
K 10,025 13.7 a 36a 0.27 97 a 75 a
1,600 14.3 a 33a 0.23 49 ab 44 b
250 12.9 ab 2.8a 0.21 41b 41b
110 um? 0 52b 1.4b 0.27 7c 13b
Mg 750 13.1 a 4.1 a 0.31 3.1Ta 1.2 a
100 10.1 b 2.8b 0.28 1.3b 0.5b
50 6.3 c 2.0c 0.33 0.9 c 0.4 bc
25 um? 0 1.8d 0.6 d 0.31 0.4d 0.3 c
S 750 11.4 a 5.7 a 0.50 10.0 a 59a
50 113 a 6.3 a 0.56 8.0b 4.4b
25 10.3 a 6.0 a 0.58 5.7 c 39c
690 um? 0 6.8 b 4.1b 0.60 3.7d 2.9d
Fe 75 9.6 ns 2.4 a 0.25 0.12 a 4.0 ns
10 9.4 ns 2.6a 0.28 0.07 ab 1.4 ns
5 9.1 ns 2.4a 0.26 0.07 ab 0.4 ns
2 um? 0 1.6 ns 0.3 b 0.19 0.01b 0.2 ns
~1
HE 8
Mn 50 12.8 ab 3.7 a 0.29 310 a 190 a
1 13.0 a 35a 0.27 24 ab 11 ab
0.5 11.4b 3.17a 0.27 17 b 8.9b
130 nm* 0 6.8 c 1.8b 0.27 10b 6.4 b
B 50 12.2 ns 4.3 a 0.35 38 a 30 a
1 12.0 ns 3.8 ab 0.32 16 ab 18 b
0.4 11.8 ns 3.5 ab 0.30 13 bc 17 b
0 um? 0 10.3 ns 2.8b 0.27 10 c 20b

The baseline concentration of the nutrient contained within the agar used for the experiment.  "Values in parentheses are dry weights.

(Fig. 1G), suggesting that the elongation of these roots is
less sensitive to P deficiency than the other two orders of
roots. The total root length decreased with increasing P
deficiency (Fig. 1B) and was most correlated with the PR
length (Pearson’s r = 0.905, P = 2 X 107%).

N

The concentration of N in shoots decreased by 33%
from the full supply to the 275 um treatment and by
61% from the full supply to the 110 um treatment,
yielding finally N-deficient plants with less than 3% N
(Table II), which is below the usual 4.0% to 5.5% N
required by plants (Bergmann, 1992). Plants grown on
110 uM added N had a reduced shoot and root weight
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relative to the full N supply. However, as the biomass
of the root decreased comparatively less than the shoot,
the root-to-shoot ratio gradually increased under de-
creasing N supply from 0.26 at the full supply to 0.43 at
110 um N (Table II).

N deficiency stimulated the growth of a more ex-
ploratory root system with longer LRs (Fig. 2A). Al-
though similar observations have also been reported
by Lépez-Bucio et al. (2003), RSA modifications under
N limitation have not yet been characterized in detail.
Average 1° LR length was significantly stimulated
under the moderate N deficiencies obtained at 550 and
275 uMm N (74% and 31%, respectively, relative to the
full supply) and returned to the same level as the full
supply at 110 um N (Fig. 2E). By contrast, PR length

Plant Physiol. Vol. 163, 2013



A P added (pM)

100 50 0

lcm

B s, a C 10
= a
E £ ¥
£ 20 4 2 b S b
2 < 61 b
o iy E'D [+
a c
4] 49
8 10 c -
T || o 24 bc c
(=] 30
= 27 23
0 0 1
D s, E 1,
et a ¥ =
[ 4 ] ab =
T B g o0sq 2
Fa, ] o _ = a
Sk c %% o06 ] 0
TG 3 - © ——
[ ™
:'82- %50'4 c
- £ © e
21 g 027
= L4
0 0
F 12, a G o2
— F =
% 10 4 'g') ab 2
2N 4 @ _015 + ab
% M 81 L b
5% ab 49
T EG6T p &901
x ° o E
@ 4 [=JCA
a2 & T0.05
E ;. g
2 <
0 T T T ] 0 T T T
625 100 50 0 625 100 50 0
P added (uM) P added (uM)

Figure 1. The effect of P deficiency on root morphology. A, Seedlings
subjected to differing P supplies. B, Total root length. C, PR length
consisting of the BZ™ (darker gray) and LR FZ™ (lighter gray). D, 1° LR
density. E, Average 1° LR length. F, 2° LR density. G, Average 2° LR
length. The numbers within the LR FZ™ bar of C indicate the length of
the LR FZ™® as a percentage of the total PR length. Seedlings were
cultivated for 5 d with no P added and then grown on the P treatments
indicated for a further 13 d. Bars show means = st (n = 21-29). [See
online article for color version of this figure.]

remained stable at the moderate N deficiency at which
LRs positively responded (550 and 275 um) and de-
creased under more severe N deficiency (Fig. 2C). Al-
though the length of the PR decreased at the lowest
N supply, the proportion of the PR occupied by the LR
FZ™ increased from around 30% at greater N supplies
to 39% at 110 um N, while the density of 1° LRs
remained stable (Fig. 2, C and D). The total root length
increased under moderate N deficiency by 48% (550 um)
and decreased under the most severe N deficiency by
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42% (110 um; Fig. 2B). This correlated most positively
with the PR length (Pearson’s r =0.912, P =1 X 10743) and
average LR length (Pearson’s r = 0.882, P = 4 X 10™).
Ca

The selection of an adequate gelling agent enabled
us to decrease shoot Ca concentrations from 4.1 to
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Figure 2. The effect of N deficiency on root morphology. A, Seedlings
subjected to differing N supplies. B, Total root length. C, PR length
consisting of the BZ™ (darker gray) and LR FZ™ (lighter gray). D, 1° LR
density. E, Average 1° LR length. F, 2° LR density. G, Average 2° LR
length. The numbers within the LR FZ™® bar of C indicate the length of
the LR FZ™® as a percentage of the total PR length. Seedlings were
cultivated for 4 d on 165 um added N and then grown on the N
treatments indicated for a further 14 d. Bars show means * st (n.s.
denotes not significant; n = 17-30). [See online article for color version
of this figure.]
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1.2mg g' (Table II) and thus from typical sufficiency to
deficiency levels (Marschner, 2012). With increasing
Ca deficiency, the fresh weight of shoots and roots in-
creased by 60% and 85%, respectively (Table II). How-
ever, withholding Ca from the nutrient mix decreased
the solidity of the gelling medium in a step-wise fashion
(data not shown). This was the only instance among all
the experiments where changing the nutrient solution
visibly affected the gelling medium. Through the de-
creased solidity of the growth medium, it appeared that
plants became more moist. An additional determination
of the dry weight still indicated that shoot weight in-
creased with Ca deficiency. The root dry weight did not
change significantly, resulting in a decrease in the root-
to-shoot ratio at lower Ca supplies (Table II).

The deficiency of Ca produced a very shallow and
highly branched root system (Fig. 3A). The PR was se-
verely inhibited when less than 100 um Ca was added
and moderately 1nh1b1ted at 500 um Ca supply (Fig. 3C).
The length of the LR FZ™ also decreased with lower Ca
supplies, as did the proportion of the PR consisting of
the LR FZ™, reducing from 34% in the full supply to 23%
when no Ca was added (Fig. 3C). The decrease in the
length of PRs was accompanied by an increase in the
density of 1° LRs (Fig. 3D). However, in contrast to PRs,
1° LR length was not inhibited but rather marginally
stimulated at 100 um added Ca (Fig. 3E), indicating that
LRs are less sensitive to low Ca than PRs. It is note-
worthy that the 2° LR density and average length were
unaffected by the Ca supply (Fig. 3, F and G). Remark-
ably, despite the effects on the PR and 1° LR density, the
total root length was maintained at all concentrations of
Ca supplied to plants (Fig. 3B). In order to rule out that
the RSA modifications observed under limited Ca sup-
ply were not due to the altered solidity of the gelling
agent, Ca-supplied plants were grown under lower
concentrations of agar. Although low agar concentra-
tions also reduced the solidity of the medium, the RSA of
plants was not negatively affected, even when only 0.2%
agar was used (data not shown). Thus, the RSA effects
observed under low Ca are not primarily a consequence
of the nonspecific effects of agar solidity.

K

Shoot and root biomass significantly decreased by
around 60% at only the lowest concentration of K
supplied, and the root-to-shoot ratio remained stable
across different levels of K deficiency (Table II). The K
concentration in shoots was significantly reduced in
both the 250 and 0 um treatments, while in roots, a
significant reduction was observed in all treatments
where K supply was reduced. The critical concentra-
tion of K requ1red for optimal plant growth is around
20 to 50 mg g~ ' dry weight (Marschner, 2012). There-
fore, the plants grown 1n 0 um K, with a shoot K
concentration of 7 mg g~ ! dry weight, suffered K de-
ficiency, while those in the 250 and 1,600 um K treat-
ment suffered mild K deficiency (Table II).
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The deficiency of K produced a root system that be-
came shorter (Fig. 4A). The PR length decreased at even
moderate K deficiency (1,600 um) by 23% and decreased
further to 40% at the lowest K treatment (0 um; Fig. 4C).
Despite the decrease in PR length, the 1° LR density only
tended to, but did not significantly increase, as K defi-
ciency became more severe (Fig. 4D). The average length
of 1° LRs significantly decreased in only the two lowest
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Figure 3. The effect of Ca deficiency on root morphology. A, Seedlings
subjected to differing Ca supplies. B, Total root length. C, PR length
consisting of the BZ™ (darker gray) and LR Fz™ (lighter gray). D, 1° LR
density. E, Average 1° LR length. F, 2° LR density. G, Average 2° LR
length. The numbers within the LR FZ™® bar of C indicate the length of
the LR FZ™ as a percentage of the total PR length. Seedlings were
cultivated for 7 d with no Ca added and then grown on the Ca treat-
ments indicated for a further 10 d. Bars show means =* st (n.s. denotes
not significant; n = 14-24). [See online article for color version of this
figure.]
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Figure 4. The effect of K deficiency on root morphology. A, Seedlings
subjected to differing K supplies. B, Total root length. C, PR length
consisting of the BZ™ (darker gray) and LR FZ™® (lighter gray). D, 1° LR
density. E, Average 1° LR length. F, 2° LR density. G, Average 2° LR
length. The numbers within the LR FZ™ bar of C indicate the length of
the LR FZ™ as a percentage of the total PR length. Seedlings were
cultivated for 7 d on 60 um added K and then grown on the K treat-
ments indicated for a further 12 d. Bars show means = st (n.s. denotes
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figure.]

K supplies by up to 42% (Fig. 4E). The decrease in the
elongation of 1° LRs was accompanied by an increase in
the density of 2° LRs, although this effect was significant
in only the 0 um K treatment (Fig. 4F). Total root length
decreased with more severe K deficiency, reaching just
45% of the maximum length when K was excluded from
the medium (Fig. 4B). This decrease correlated most
with the average length of 1° LRs (Pearson’s r = 0.890,

Plant Physiol. Vol. 163, 2013

Root Plasticity under Nutrient Deficiency

) and the length of the PR (Pearson’s r =

P=8x107
0 3 %1072V

X 1
756, P =

Mg

The biomass of shoots and roots decreased with each
reduction in Mg supply by up to 14% in shoots and 15%
in roots when no Mg was added to the medium (Table
II). A reduction in the amount of Mg supplied in the
growth medium from 750 to 0 umresulted in a decrease
in the Mg concentration from 3.1 to 0 4mgg dry
weight in shoots and 1.2 to 0.3 mg g™ ' dry weight in
roots (TableII). The level of deficiency obtained sparmed
the critical concentration range of 1.5 to 3.5 mg g ' Mg
typically required for plant growth (Hermans and
Verbruggen, 2005; Marschner, 2012), indicating
that plants supplied with less Mg experienced Mg
deficiency.

The deficiency of Mg generally inhibited plant
growth, resulting in a contracted root and smaller
shoots (Fig. 5A). The length of the PR, and the average
lengths of 1° LRs and 2° LRs, significantly decreased at
the two lowest levels of Mg supply, reducing by 56%,
80%, and 99%, respectively, in the 0 uM Mg treatment
(Fig.5, C, E, and G). The density of 1° LRs also decreased
at the two lowest Mg treatments (Fig. 5D). However, the
density of 2° LRs did not change significantly in any of
the treatments (Fig. 5F). The total length of the root
system was significantly shorter in the 50 and 0 um Mg
treatments (Fig. 5B). This correlated most with the av-
erage 1° LR length (Pearson’s r = 0.910, P =1 X 10~ 40y
and density (Pearson’s r = 0.890, P = 1 X 10™°%).

Sulfur

The withdrawal of sulfur (S) from the growth me-
dium reduced the shoot biomass by up to 40% and the
root biomass by up to 28% in the case of the 0 um S
treatment, resulting in an increase in the root-to-shoot
ratio (Table II). The concentration of S decreased
steadily with each reduction in S supply, dropping in
shoots from a maxunum of10mgg~ dry weightin the full
S supply to 3.7 mg g ' dry weight in the treatment in
which S was withheld (Table II). In roots, the relative
reduction in S concentratlon was less, decreasing from
5.9 to 2.9 mg g~ ! dry weight. The levels of deficiency
achieved in the lowest S treatments were at or below the
minimum of 1 to 5 mg g~ ' dry weight required for op-
timal growth (Marschner, 2012), demonstrating that a
level of S deficiency was achieved that is limiting for
plant growth. In addition, as the added concentrations
of S were decreased, the concentrations of molybdenum
(Mo), especially in shoots, increased significantly
(Supplemental Table S1). Such a response has been
reported before (Alhendawi et al., 2005) and most likely
reflects a poor selectivity of some S transporters over
Mo. Surprisingly, although shoots were negatively af-
fected by reducing S supply, the deficiency of S had
relatively little influence on the morphology of roots
(Fig. 6A). The length of the PR increased slightly, albeit
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Figure 5. The effect of Mg deficiency on root morphology. A, Seed-
lings subjected to differing Mg supplies. B, Total root length. C, PR
length consisting of the BZ™ (darker gray) and LR FZ™ (lighter gray).
D, 1° LR density. E, Average 1° LR length. F, 2° LR density. G, Average
2° LR length. The numbers within the LR FZ™ bar of C indicate the
length of the LR FZ™ as a percentage of the total PR length. Seedlings
were cultivated for 4 d on 50 um added Mg and then grown on the Mg
treatments indicated for a further 14 d. Bars show means * st (n.s.
denotes not significant; n = 24-27, except that the bars marked with
asterisks had only three 2° LRs). [See online article for color version of
this figure.]

significantly only at the two lowest S supplies, by up to
12% (Fig. 6C). There was a slight decrease in the density
of 1° LRs with a significant increase in the average
length of 1° LRs (Fig. 6E). There were no significant
differences in these two traits between the full S supply
and the two lowest treatments, nor was there any dif-
ference in the density or average length of 2° LRs be-
tween any of the S treatments (Fig. 6, F and G). Due to a
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relatively minor effect on each of the individual com-
ponents of the RSA, the total root length was barely af-
fected by S deficiency.

There have been conflicting reports on the effect of S
deficiency on RSA. It is often stated that S deficiency
increases LR density and decreases the length of the
LR FZ™ such that LRs form closer to the tip of the PR
(Kutz et al.,, 2002; Lépez-Bucio et al., 2003). However,
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Figure 6. The effect of S deficiency on root morphology. A, Seedlings
subjected to differing S supplies. B, Total root length. C, PR length
consisting of the BZ™ (darker gray) and LR Fz™ (lighter gray). D, 1° LR
density. E, Average 1° LR length. F, 2° LR density. G, Average 2° LR
length. The numbers within the LR FZ™® bar of C indicate the length of
the LR FZ™ as a percentage of the total PR length. Seedlings were
cultivated for 6 d with no S added and then grown on the S treatments
indicated for a further 11 d. Bars show means = st (n.s. denotes not
significant; n = 19-26). [See online article for color version of this
figure.]
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Dan et al. (2007) found, as we did, that PR length
slightly increased and 1° LR density decreased under S
deficiency. Similar to the results presented here, Kutz
et al. (2002) also found a reduction in the shoot weight
of plants grown under S deficiency. Differences in the
RSA between the study of Kutz et al. (2002) and that of
Dan et al. (2007) and here may arise from the use of a
different nutrient mixture or, in the case of Kutz et al.
(2002), from the growth of plants for 6 weeks on small
agar plates that, under our conditions, usually results
in a range of negative growth effects on plants. Ad-
ditionally, the study of Kutz et al. (2002) did not
quantify components of the RSA.

The Response of the RSA to the Deficiency
of Micronutrients

Iron

A decrease in the iron (Fe) supplied to plants had no
effect on the shoot and root biomass of plants at the
first three levels of Fe supply; however, in the most
severe treatment, the shoot and root biomass de-
creased significantly by 83% and 88%, respectively
(Table II). The concentration of Fe in shoots decreased
from 120 ug g~ ' dry weight in the full supply (75 wum)
of Fe to 70 pug g ' dry weight in the 10 and 5 um treat-
ments and further to 10 ug g ' dry weight in the 0 pm
treatment (Table II). Because plants require between 50
and 150 ug g dry weight of Fe for growth (Marschner,
2012), the 10 and 5 uM treatments most likely reflected
mild Fe deficiency and the 0 um treatment reflected a
severe deficiency of Fe. Additionally, the concentrations
of manganese (Mn) and zinc (Zn) increased under Fe
deficiency (Supplemental Table S1), which was most
likely associated with the poor substrate selectivity
of the Fe deficiency-induced Fe transporter IRON-
REGULATED TRANSPORTER1 (IRT1) (Vert et al,
2002). A mild deficiency of Fe increased root elongation;
however, severe Fe deficiency caused stunting of roots
and shoots (Fig. 7A). The length of the PR increased by
15% to 17% under moderate Fe deficiency (5 and 10 um
Fe, respectively) and drastically decreased by 56% in the
severe Fe deficiency achieved when Fe was withheld
from the medium (Fig. 7C). The LR FZ™® responded
similarly to moderate deficiency as the PR length but
decreased again under severe Fe deficiency to the same
length as in plants grown under full Fe supply. How-
ever, in the latter case, the LR FZ™ occupied a large
proportion (61%) of the length of the PR. While plants
grown on 10 um added Fe showed an increase in PR
length, the 1° LR density was not different from that of
plants grown on full Fe (Fig. 7D). At 5 um Fe, the 1° LR
density decreased by 19%, and this extended to 69% in
0 uM Fe. While the average 1° LR length tended to in-
crease under moderate Fe deficiency, the difference
was not significant (Fig. 7E). However, under severe
Fe deficiency, the length decreased by 71% relative to
full Fe supply. Despite differences in the individual
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Figure 7. The effect of Fe deficiency on root morphology. A, Seedlings
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tivated for 4 d with no Fe added and then grown on the Fe treatments
indicated for a further 12 d. Bars show means = st (n.s. denotes not
significant; n = 19-30, except that the bars indicated with asterisks had
only two 2° LRs). [See online article for color version of this figure.]

components of the RSA, the total root length did not
change when plants were exposed to moderate Fe de-
ficiency but drastically reduced under conditions of
severe Fe deficiency (Fig. 7B).

Mn

Mn deficiency significantly reduced the biomass of
shoots and roots by 47% and 51%, respectively, when
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Mn was withheld from the medium (Table II). While
the concentration of Mn in shoots and roots decreased
with each reduction in Mn supply, only the 0.5 and
0 uM Mn treatments contained plants with signifi-
cantly lower Mn than the full 50 um Mn supply. With
regard to the critical concentratlon of Mn required for
plant growth (10-20 ug g ' dry weight; Bergmann,
1992; Cailliatte et al., 2010; Marschner, 2012), plants
suffered from Mn deficiency, particularly in the two
lowest Mn treatments. Mn deficiency produced plants
with a contracted root system (Fig. 8A). This arose
from a reduction in the length of the PR that was pre-
sent at all treatments in which the supply of Mn was
reduced (Fig. 8C). In turn, the density of 1° LRs in-
creased by 10% in the 1 and 0.5 um treatments while
decreasing by 9% in the 0 um Mn treatment relative to
the full Mn supply (Fig. 8D). The average 1° LR length
did not respond to moderate Mn deficiency but suffered
a 22% decrease in the lowest Mn treatment (Fig. 8E).
While the density of 2° LRs did not significantly re-
spond to Mn deficiency, the average 2° LR length de-
creased by 40% in the 0 uM treatment (Fig. 8, F and G).
The total root length declined significantly in the 0.5
and 0 uM Mn treatments (Fig. 8B). Components of the
RSA were relatively poorly correlated with total root
length, as the best correlation was with the average
length of 1° LRs (Pearson’s r = 0.751, P = 9 X 10~ 18),

B

B deficiency is particularly difficult to achieve when
using typical laboratory practices for producing growth
medium due to B contamination arising from borosili-
cate glassware. Additionally, the use of some autoclav-
able, plastic vessels (e.g. polypropylene) caused severe
stunting of plants (data not shown), possibly due to the
release of toxic compounds from the plastic during the
autoclaving process. The use of polytetrafluoroethylene
(PTFE) vessels (Carl Roth) and Sigma A agar were re-
quired to obtain B deficiency in this study.

Rootbiomass decreased by 35% when B was withheld
from the medium; however, there was no change in the
shoot biomass in any of the B treatments (Table II). The
root-to-shoot ratio, therefore, decreased with decreas-
ing B supply. The concentration of B decreased in shoots
by a maximum of 74% from 38 ngsg dry welght in the
full B treatment to 10 ug g~ ' dry weight in the zero B
treatment (Table II), which is below the levels reported
for B-deficient Arabidopsis plants in another study
(Takano et al., 2006). The concentration also signifi-
cantly decreased in roots in each of the treatments in
which B was withdrawn; however, the reduction was
not as great as in shoots. B deficiency produced a shal-
lower root system with greater LR growth (Fig. 9A). The
length of the PR significantly decreased in all B defi-
ciency treatments, by up to 39% in the case of the 0 um B
treatment (Fig. 9C). The decreasing PR length was ac-
companied by an increase in the density of 1° LRs, al-
though the increase reached a maximum of just 27% in
the case of the 0 um treatment (Fig. 9D). The length of
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Figure 8. The effect of Mn deficiency on root morphology. A, Seed-
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denotes not significant; n = 16-28). [See online article for color version
of this figure.]

1° LRs and 2° LRs did not respond to the deficiency of B
(Fig. 9, E and G), nor did the density of 2° LRs (Fig. 9F).
Total root length decreased in each of the treatments
where B was withheld; however, this weakly correlated
with PR length (Pearson’s r = 0.662, P = § X 1071,
suggesting that further root traits made a substantial
contribution to the reduction of the root system as a
whole (Fig. 9B).
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figure.]

Zn

Zn deficiency was difficult to obtain in any of the agar
media tested when plants were grown for 2 weeks on
12-cm agar plates. However, growth on 23-cm agar plates
for almost 4 weeks produced larger plants that showed
differences in root growth when Zn was withheld from
the medium (Supplemental Fig. S1). Although there was
no difference in shoot or root biomass, the concentration
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of Zn decreased in shoots and roots by 81% and 94%,
respectively (Supplemental Table S2). The Zn concen-
tration of 22 ug g~ ' dry weight obtained in shoots in the
0 uM Zn treatment approached the critical level of 15 to
20 ug g~ dry weight of Zn required for optimal growth
in plants (Bergmann, 1992; Marschner, 2012). Therefore,
a mild level of Zn deficiency was achieved in this study
(Supplemental Table S1). Zn deficiency produced a
more highly branched root system (Supplemental Fig.
S1A). Although the length of the PR was unaffected
by Zn deficiency (Supplemental Fig. S1C), the density of
1° LRs increased by 21% (Supplemental Fig. S1D). Ad-
ditionally, despite the absence of an effect on PR length,
the lengths of both 1° LRs and 2° LRs were decreased
upon Zn deficiency by 19% and 22%, respectively
(Supplemental Fig. S1, E and G). The density of 2° LRs
was unaffected by Zn deficiency (Supplemental Fig. S1F).

Remaining Micronutrients

Because plants require only extremely low amounts
of nickel and Mo (Marschner, 2012), the occurrence of a
deficiency of these nutrients is not common and is dif-
ficult to simulate in the laboratory, especially in rela-
tively young plants. Thus, in this study, no attempt was
made to induce nickel or Mo deficiency in agar medium.
The withdrawal of the two remaining micronutrients,
Cu and chlorine (Cl), only produced minor effects. The
withdrawal of Cu from the growth medium did not
produce any changes in the shoot or root biomass;
however, the concentration of Cu in shoots and roots
tended to decrease even though this was not statistically
significant (Supplemental Table S2). Therefore, we ac-
knowledge that the level of Cu deficiency obtained in
this study was indeed minor when considering that the
critical level of Cu required by plants is between 1 and
Sugg dry weight (Marschner, 2012) Cu def1c1ency
decreased the length of 1° LRs by a maximum of 29% in
the 1 nm treatment (Supplemental Fig. S2E). In addition,
while the length of PRs did not respond to Cu defi-
ciency, the density of 1° LRs increased by up to 11% in
the case of the 1 nm treatment (Supplemental Fig. S2,
C and D). 2° LRs were unaffected by Cu deficiency
(Supplemental Fig. S2, F and G).

The withdrawal of CI from the medium did not affect
shoot and root biomass. Due to the technical limitations
of inductively coupled plasma optical emission spec-
troscopy, it was not possible to measure Cl concentra-
tions. We acknowledge that in our agar growth system
we were barely able to obtain evidence of Cl deficiency.
There was hardly any effect of the removal of Cl
from the growth medium on plant growth, probably
because of the marginal level of Cl deficiency obtained
(Supplemental Fig. S3). The PR was the only component
of plant growth that was affected by a reduction in Cl
supply, decreasmg by just 9%; similarly, the length of
the LR FZ™ decreased by 15% (Supplemental Fig. S3C).
These data may suggest that the PR is the root trait most
sensitive to a reduction in Cl supply.
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Development of a Quantitative Score for Overall Changes
in RSA

The results from this work clearly indicate that nu-
trient deficiencies impose highly distinct modifications
on the overall RSA of Arabidopsis plants (Figs. 1-9).
Root traits that were independent of each other were
used in a principal component analysis (PCA) to capture
the major trends of variation in RSA traits in response to
nutrient deficiencies from all experiments represented
in Figures 1 to 9. Component score plots for principal
component PC1 versus PC2 and PC3 showed that, in
particular, the variation represented by PC1 strongly
differentiated RSA changes under Ca deficiency from
those under Mg or Fe deficiency, while the variation in
RSA under P and N deficiency was better resolved along
the axis of PC2 (Fig. 10, A and B). The first three principal
components explained 72.9% of the observed variation
in RSA traits, while the six principal components ac-
counted for 100% of the variation.

We then performed Pearson correlation analysis of
the six principal components with the individual traits
to determine to what extent each principal component is
loaded by each root trait. This analysis revealed that the
two traits 1° LR density and the proportion of BZ™ to PR
length contributed mainly to PC1, whereas PR length
and the average 1° LR length contributed mainly to PC2
(Fig. 10C). By contrast, PC3 predominantly accounted
for variations in 2° LR density. Thus, 1° LR density and
the length of the BZ™ (which represents the extent
to which LR emergence events occurred in the PR;
Dubrovsky and Forde, 2012) should be most discrimi-
nating between the Ca and the Mg or Fe treatments.
Indeed, 1° LR densities showed an opposite progres-
sion, with deficiency of Ca relative to Mg or Fe (Figs. 3D,
5D, and 7D). By contrast, PC2 better discriminated RSA
variations under Ca deficiency from those under N de-
ficiency (Fig. 10A), which were mainly attributed to
measures of PR and 1° LR length (Fig. 10C) and in
agreement with the diverging progression of these traits
with increasing deficiency levels (Figs. 2, C and E, and 3,
C and E). Taken together, the transformation of single
RSA values into complex principal component values
allowed nutrient treatments to be differentiated on the
basis of their overall variation in RSA in a more balanced
manner than by the direct comparison of individual root
traits.

To visualize the plasticity in RSA under a progressing
nutrient deficiency, we integrated the variation repre-
sented by the six individual principal component scores
into one multilevel pie chart. A detailed description of
the calculation of these pie charts is given in “Materials
and Methods.” Briefly, single portions of the pie chart
represent the percentage of the experimental variation
explained by each of the principal components. The
mean component score of each treatment is graphed on
the axis of the pie chart, with the zero point representing
the component score of the average of the control
treatments (i.e. treatments supplemented with the one-
half-strength Murashige and Skoog [1/2 MS] medium
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Figure 10. PCA of the modifications in RSA in response to nutrient
deficiencies. PCA was based on PR length, average 1° LR length, 1° LR
density, average 2° LR length, 2° LR density, and the ratio between BZ™®
and PR length under the supply of different concentrations of P, N, Ca,
K, Mg, S, Fe, Mn, and B. A, PC1 versus PC2. B, PC2 versus PC3.
C, Correlation coefficients () obtained for correlations between the
variation within individual root traits and the variation within each
principal component.
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concentration of the nutrient in question) from all ex-
periments. The farther a treatment falls from the zero
point, the greater the difference between this treatment
and the average of the control treatments within each
principal component. Since the sign (+/ —) of principal
component scores is arbitrary, positive as well as neg-
ative variations indicate the extent of variation between
a treatment and its control (Fig. 11A). Hence, the area
enclosed by each treatment across all principal compo-
nents corresponds to the total RSA plasticity within each
of the treatments relative to the control treatments. It
was then possible to obtain a single value that integrates
the combinatorial information of all RSA changes in a
quantitative weighed manner to indicate the total de-
gree of RSA plasticity (Fig. 11). As the deviation of RSA
within all treatment series was considered in an equiv-
alent fashion, the extent of root plasticity was ranked in
the following order: Ca > P > K> Fe >Mn >Mg >N >
B > S, from those with the largest total plasticity ob-
served across all treatments to the deficiencies display-
ing the least plasticity (Fig. 11, B-J). While it is true that
the absolute degree of plasticity is somewhat dependent
upon the concentration of the nutrients selected, our
graphical representation still allowed the independent
consideration of the modulation of RSA traits under
intermediate or severe deficiency levels.

DISCUSSION
Changes in Root Plasticity under Nutritional Constraints

The degree of plasticity in response to nutrient
availability reveals not only the extent to which un-
derlying developmental processes that control root
growth can be altered but also the degree to which
environmental factors can be sensed and translated
into morphological changes. To quantitatively estimate
and graphically depict the extent of root plasticity
changes in one view, we have developed a novel vi-
sualization tool in the form of a plasticity chart. On the
one hand, this tool produces a value that indicates the
overall change in plasticity observed in response to
each treatment. Such a value represents a combination
of both the responsiveness of multivariate root traits
and the degree to which each stimulus is sensed and
translated into RSA changes, giving a final readout of
root plasticity. On the other hand, the plasticity graph
also reveals the individual levels of development that
are affected in challenging environments, in our case
nutrient deficiency, by indicating which developmen-
tal processes are most likely to be responding to each
treatment. For example, differences in PR length (rep-
resented predominantly within PC2 in our plasticity
graphs) will mainly refer to differences in PR cell
elongation or differentiation of the PR meristem. By
contrast, differences in PC1 correlate most with
differences in the density of 1° LRs, a trait most likely
controlled by the developmental processes of LR ini-
tiation and emergence.
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Recently, an innovative and rapid approach has been
presented to measure RSA by placing user-defined root
landmarks on a two-dimensional grid over a scanned
root image (Ristova et al., 2013). Although this so-called
“RootScape” method waived the separate detection of
individual root traits for the sake of high throughput,
PCA transformation of root data allowed variations in
the spatial configuration of roots to be assigned to spe-
cific influential traits. Validating this approach by the
analysis of Arabidopsis mutants defective in hormone
signaling suggested a particularly large influence of root
traits related to PR length on root plasticity, with auxin
strongly modifying root size (Ristova et al., 2013). Here,
we have followed a similar approach in data transfor-
mation, also yielding PCA plots that allowed the effects
of nutrient treatments on integrated root traits to be
differentiated along PCA components (Fig. 10, A and B)
and a deduction of their most influential root traits (Fig.
10C). As our approach utilizes an exact measurement of
the independent root traits, it is highly suited to the in-
depth characterization of the RSA and the unique de-
velopmental changes that evoke the different root
responses observed. Indeed, the use of plasticity charts
provides a unique opportunity to calculate the total
degree of plasticity in response to the deficiency of nu-
trients. However, such graphs can be more widely ap-
plied, particularly when complex traits are characterized
by several individual measures taken from large num-
bers of plants in screening or phenotyping approaches. It
is possible to represent the variation for many traits in a
relatively small number of data points within the plas-
ticity graph. Plasticity charts can condense the number of
data points, particularly in studies involving modern
root phenotyping techniques such as those of Ingram
et al. (2012), Clark et al. (2011), or Iyer-Pascuzzi et al.
(2010) that measured between 16 and 27 root traits in a
number of genotypes.

The Effect of Nutrient Availability on Root Length

Our detailed characterization of RSA modifications in
Arabidopsis under the limited supply of various nutri-
ents indicated that root elongation was distinctively
affected by nutrient supplies. PR length was signifi-
cantly decreased when plants were grown under low P,
Ca, K, Mn, and B (Figs. 1C, 3C, 4C, 8C, and 9C), whereas
it was slightly stimulated under intermediate supplies
of N and Fe (Figs. 2C and 7C). In the case of S, we ob-
served that even though S concentrations in roots and
shoots and the shoot weight were markedly decreased
as S supply was decreased (Table II), PR length
remained largely unaffected (Fig. 6C). In addition to PR
length, LR length was also affected by nutrient defi-
ciencies. Whereas 1° LR length was significantly de-
creased under P, K, and Mg deficiency, for example
(Figs. 1E, 4E, and 5E), 2° LR length was strongly reduced
by Mg deficiency (Fig. 5G) and slightly by P deficiency
(Fig. 1G). These observations clearly indicate that the
availability of different nutrients can distinctively affect
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Figure 11. The plasticity of the RSA to
nutrient deficiencies. A PCA was un-
dertaken on independent root traits,
and the mean component scores for
each of the treatments in all six prin-
cipal components are represented.
A, The eigenvalues for each principal
component are indicated within each
portion of the pie, as is the maximum
observable component score for each
principal component (represented by
the dashed line). The pie chart is di-
vided such that the radial magnitude of
each portion is proportional to the ex-
perimental variation explained in that
principal component (i.e. the eigen-
value). The mean component score for
each treatment is graphed along the
axis of the chart, with positive scores
shaded yellow, negative scores shaded

blue, and the zero point representing S

the mean component score of the 1/2
MS control treatments from all experi-
ments. B to J, Plasticity charts are
shown for Ca (B), P (C), K (D), Fe (E),
Mn (F), Mg (G), N (H), B (I), and S ()).
The area enclosed by each treatment
represents the total RSA change relative
to the mean of the controls and is
expressed as a value adjacent to the
legend in each panel in arbitrary units
(a.u.z).

the elongation of the PR and LRs and even distinctively
within different orders of LRs. Another intriguing ob-
servation from this work was the fact that the elongation
of PRs and 1° LRs can be uncoupled. This observation
was especially obvious in Ca-deficient plants, which
had their PRs strongly inhibited, whereas the average
length of 1° LRs remained relatively unaffected (Fig. 3, C
and E). These observations add new evidence to the yet
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poorly characterized relationship between the mecha-
nisms that coordinate not only the growth and devel-
opment of roots of different orders but also their differential
interaction with the environment.

The distinct effects of nutrients on PR elongation
likely originate from diverse factors. One main factor is
related to the different physiological effects that nu-
trients may have in plants. For instance, the inhibition

Plant Physiol. Vol. 163, 2013



of PR elongation under low P has been associated with
reduced cell elongation and the loss of cell division
activity in the PR apical meristem (Sanchez-Calderon
et al., 2005; Ticconi et al., 2009). Current studies have
suggested that this effect is, at least in part, associated
with increased Fe accumulation in root meristems
when plants are grown under low P (Hirsch et al,,
2006; Ward et al., 2008; Zheng et al., 2009). In agree-
ment with a possible Fe-induced repression of the PR
under low P, it has been shown that PR elongation can
be restored by lowering the Fe concentrations in the
P-deficient medium (Ward et al., 2008; Ticconi et al.,
2009). Despite being essential for plant growth and
development, an overload of Fe can produce highly
reactive hydroxyl radicals that have toxic effects in
cells (Graf et al., 1984). As a consequence, excessive Fe
accumulation may impair cell division in the root
apical meristem, although this assumption has not yet
been experimentally demonstrated. In addition, the
inverse relationship between root Fe and PR elonga-
tion may also help to explain why PR length was
significantly increased when intermediate Fe concen-
trations were supplied to plants (Fig. 7C). However, it
is noteworthy that under advanced Fe limitation, root
growth is repressed altogether, due to an insufficient
coverage of the Fe demand of the plant.

Another factor relates to the fact that some nutrients
may directly limit the function of a particular devel-
opmental process. In the case of Ca, we observed a
remarkable decrease in PR length when low Ca con-
centrations were supplied to plants (Fig. 3C). Ca is
important for cell elongatlon In root hairs and pollen
tubes, intracellular Ca** gradients increase steeply toward
the apex (Pierson et al., 1996 Wymer et al., 1997). This
tip-focused gradient of Ca® aids in the deposition of
cell wall components in the cell apex, giving rise to the
polarity of cell extension. Thus, the supply of insuffi-
cient amounts of Ca to plants may have resulted in
impaired cell elongation and, hence, in reduced PR
elongation. Interestingly, early studies using *Ca in-
dicated that Ca is not translocated to root tips
(Marschner and Richter, 1974), a defect that is likely
associated with the limited mobility of Ca in the
phloem (Jeschke and Pate, 1991). Thus, root meristems
are highly sensitive to Ca deficiency. In the same study
of Marschner and Richter (1974), it was observed that
*Ca could still be translocated into younger LRs of
maize (Zea mays) and bean (Phaseolus vulgaris) as long
as they still acted as sinks for nutrients. This observa-
tion may help to explain the seemingly opposing effect
that low Ca availability had on the length of PRs and
1° LRs (Fig. 3, C and E). However, it still remains to be
investigated if the LRs actually act as a stronger sink
than the PR in Arabidopsis grown on Ca deficiency.
Similarly to Ca, the inhibition of PR elongation under
low B (Fig. 9C) also relates to decreased cell elongation
(Takano et al., 2006), since most B in plants is associ-
ated with cell wall pectins (Hu et al,, 1996) and B
starvation results in cell wall malformations (Brown
et al., 2002).
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The Effect of Nutrient Availability on LR Formation

In Arabidopsis and most other dicotyledonous
plants, the PR can branch repeatedly to produce LRs,
which in turn can also undergo higher order branching.
In developmental terms, LRs differ from PRs because
they originate postembryonically from parental roots
(Osmont et al., 2007; Péret et al., 2009). The total number
of LRs that is produced depends not only on genetic but
also on environmental factors. Importantly, the post-
embryonic behavior of LRs is an essential component of
the root system’s plasticity, since it allows plants to react
to fluctuations in external factors, such as nutrient
availability. This fact was also reinforced in our study,
where a multivariate analysis revealed that 1° LR den-
sity (a proxy for the developmental processes of LR in-
itiation and emergence) correlated most with the
variation in PC1 and, therefore, made a particularly
strong contribution to the total plastic response of roots
to different nutrient deficiencies (Fig. 10).

The deficiencies of P, Ca, Mn, and B evoked an in-
crease in 1° LR density (Figs. 1D, 3D, 8D, and 9D),
whereas the limitation of Mg and Fe resulted in de-
creased 1° LR density (Figs. 5D and 7D), although in
some cases these responses were only transient. Other
nutrients, such as N and K, did not affect 1° LR density
(Figs. 2D and 4D). Although the increased 1° LR density
was usually associated with short PRs, our results in-
dicate that an inhibition of PR elongation does not al-
ways result in an induction of LR formation. Indeed,
whereas PR elongation was repressed by K deficiency,
1° LR density remained largely unchanged under these
conditions (Fig. 4, C and D), and under Mg deficiency,
1° LR density even decreased with PR repression (Fig. 5,
Cand D). It is noteworthy that we estimated LR density
by dividing the number of emerged LRs by the length of
the branching zone (a region that extends from the shoot
base to the most root-ward emerged LR), as recently
proposed by Dubrovsky and Forde (2012). This method
allows a more accurate description of the effects that
treatments have on the emergence of LRs. It has been
reported previously that the induction of root branching
under low P supply occurs before any change in PR
elongation is detected (Pérez-Torres et al., 2008). Thus,
these results strongly indicate that the processes un-
derlying the induction of root branching can also be
uncoupled from the elongation of the parental root.

It is unlikely that nutrients directly control root
branching. Instead, it is more plausible that nutrient
signals are integrated into developmental programs in
order to induce changes in RSA. The formation of LRs is
a complex and highly coordinated process that depends
on the interplay of hormones, where auxin acts as a
central component (Fukaki and Tasaka, 2009; Péret
etal., 2009). In fact, nutrient supplies can strongly affect
phytohormone gradients, as demonstrated by Fe trig-
gering AUXIN INFLUX CARRIER1 (AUX1)-mediated
auxin accumulation in LR tips and subsequent LR
elongation (Giehl et al., 2012). Indeed, the deficiency of
many nutrients has been reported to affect the levels of
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one or more hormones in plants (for review, see Rubio
et al., 2009). However, for most nutrients, it is not yet
known the extent to which and at which developmental
steps these hormonal changes impact on RSA. As also
shown in this work (Fig. 1D), P deficiency induces the
production of LRs (Williamson et al., 2001; Lépez-Bucio
et al., 2002, 2003; Sanchez-Calderon et al., 2005). This
induction has been shown to be associated with a P
deficiency-induced expression of the auxin receptor
TRANSPORT INHIBITOR RESPONSE1 (TIR1) in peri-
cycle cells that results in increased sensitivity of roots to
auxin (Pérez-Torres et al., 2008). As a consequence, the
initiation and emergence of LRs is significantly en-
hanced in P-deficient roots. Together with such exam-
ples, our work reinforces that nutrients induce distinct
RSA modifications that may either be coupled or
uncoupled, demonstrating further how root plasticity is
generated. The challenge now is to identify how the
nutrient signals are sensed and integrated into devel-
opmental decisions that ultimately shape the RSA
according to the nutrients” availability.

A Detailed Protocol for Obtaining Nutrient-Deficient
Solid Medium

We present here a comprehensive characterization of
RSA modifications induced by the limitation of differ-
ent nutrients. Until now, a detailed examination of the
effects of nutrient deficiencies on RSA has been frag-
mented or totally absent. In fact, only P, N, and, very
recently, K deficiency-induced modifications of RSA were
more exhaustively assessed in Arabidopsis (Linkohr et al.,
2002; Sanchez-Calderon et al., 2005; Kellermeier et al.,
2013). In other cases, although the effects of nutrient de-
ficiencies on root development have been reported (for
review, see Lépez-Bucio et al., 2003; Nibau et al., 2008),
these effects were either restricted to root hair formation
(e.g. Fe; Schmidt and Schikora, 2001) or extrapolated from
studies that did not directly assess RSA modifications (e.g.
S; Kutz et al., 2002). One apparent reason for the poor
characterization of RSA under nutrient deficiencies re-
lates to difficulties in obtaining consistent deficiency for
most nutrients in solid medium. Thus, a study in which
RSA is assessed under conditions that are comparable and
that produce consistent deficiency is timely and impor-
tant in order to advance our understanding of how en-
vironmental cues shape RSA. In this regard, our study
should pave the way for characterizing the RSA modifi-
cations in response to nutrients.

We have carefully selected the most appropriate gel-
ling agents to obtain nutrient deficiency in Arabidopsis
plants grown on semisolid medium. Agar selection
proved to be critical for successfully imposing consis-
tent nutrient deficiency, as mineral analyses revealed
that some agars exhibited remarkable differences in
nutrient concentrations (Table I). Our study should help
researchers who need to characterize phenotypical
modifications in response to nutrient deficiencies in
genetically diverse plants, for example when comparing
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mutants with wild-type plants or when assessing nat-
ural genetic variability. In this regard, this work pro-
vides a valuable reference on which researchers can
orient themselves when studying the effect of nutrient
deficiencies. In addition, since the characterization of
RSA was accompanied by the mineral analyses of shoots
and roots from different deficiency levels, this study
provides an additional guide to the critical concentra-
tions required to induce phenotypical alterations in
Arabidopsis.

In conclusion, based on a careful selection of agar
media, this study represents, to our knowledge, the first
systematic comparison of RSA responses to multiple
nutrient deficiencies. With regard to the almost com-
plete coverage of nutrient treatments, our study pro-
vides a comprehensive view of the overall changes in
root plasticity induced by the deficiency of single nu-
trients. Newly developed root plasticity charts help to
visualize the influence of each nutrient on the type and
extent of changes in root traits and whether individual
root traits respond in a coupled or uncoupled fashion.
These examples provide a solid basis for the identifica-
tion of nutrient-responsive processes in the root devel-
opmental program and for plant factors determining
the differential sensitivity of root tissues to nutritional
constraints.

MATERIALS AND METHODS
Plant Growth Conditions

Seeds of Arabidopsis (Arabidopsis thaliana) ecotype Columbia-0 were surface
sterilized in 70% (v/v) ethanol and 0.05% (v/v) Triton X-100. Seedlings were
first germinated on agar plates containing 0.5% (w/v) Suc and 1% (w/v) agar
before seedlings of similar sizes were transferred to treatments containing
identical Suc and agar concentrations. The following agar and agarose were
used: Applichem (Agarose low EEO, A2114; Applichem), Difco (Difco agar,
214541; Becton Dickinson), Duchefa A (Microagar, M1002; Duchefa Biochemie),
Duchefa B (Phytoagar, P1003; Duchefa Biochemie), Roth (Agar-agar, 2266.2;
Carl Roth), Serva (Agarose, 11380; Serva), Sigma A (Phytagel, P8169; Sigma-
Aldrich), Sigma B (Agar, A7921; Sigma-Aldrich), Sigma C (Fluka agar, 05040;
Sigma-Aldrich), and Sigma D (Agarose, A9539; Sigma-Aldrich). The stock so-
lutions for the B experiment were stored in polypropylene flasks, and the growth
media were prepared in plastic labware and autoclaved in PTFE flasks (Carl
Roth). The nutrient composition of the modified 1/2 MS medium (Murashige
and Skoog, 1962) and the germination and treatment periods are indicated in
Supplemental Table S3. Five plants were grown on each of the six replicate 12- X
12-cm (or 23- X 23-cm for Zn) vertically oriented plastic plates sealed with
Leukopor tape (Smith & Nephew), or in the case of Mg and S experiments,
Parafilm M (Pechiney Plastic Packaging) in a randomized block design within a
growth cabinet (Percival Scientific) with 22°C day and 19°C night temperatures

and a 10-h light period with a light intensity of 120 umol photons m 2s™".

Analysis of RSA

At the end of the treatment period, plates within each block were scanned
together using an Epson Expression 10000XL scanner (Seiko Epson) in color at
600 dots per inch resolution and lit from the front. Plants in which growth was
inhibited due todamage during transfer were excluded from analyses, taking care
not to bias the sample population in the process. Shoots were removed and
weighed, and the roots were separated such that roots were clearly distin-
guishable from one another on the agar, then again scanned in grayscale at
300 dots per inch resolution and lit from the back. Roots were removed from the
agar, and the roots and shoots were dried at 65°C. The contrast of the image was
adjusted, and marks were removed from the image using Adobe Photoshop CS4
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or 5.0 version LE (Adobe Systems), thereby allowing for a better quantification of
roots. A total of seven RSA traits were measured using WinRhizo Pro version
2007d or version 2009¢ (Regent Instruments) for each plant: PR length, 1° LR
number, 1° LR length, 2° LR number, 2° LR length, BZ™® length, and BZ'IR
length. The remaining root traits were calculated from these measured traits.
Total root length was calculated for each plant by summing the PR, 1° LR, and
2°LRlengths. The average 1° LR (or 2° LR) length was calculated by dividing the
1°LR (or 2° LR) length by the number of 1° LRs (or 2° LRs). The density of 1° LRs
(or 2° LRs) was calculated by dividing the number of 1° LRs (or 2° LRs) by the
length of the BZ'R (or BZlCLR). The shootand root fresh weight was recorded, and
the root-to-shoot ratio was calculated from these weights.

Tests of statistical significance were undertaken using a one-way ANOVA
(P < 0.05) with pairwise comparisons made using a Tukey test. An ANOVA on
ranks was undertaken for data not normally distributed or not having equal
variance followed by a pairwise comparison made using a Tukey test or Dunn’s
method. Data in bars or rows that were determined not to be significantly dif-
ferent are denoted by shared lowercase letters in the figures and tables. Corre-
lations were determined using the Pearson product moment correlation. Statistical
tests were undertaken using SigmaPlot version 11.0 (Systat Software).

Elemental Analysis

The dried shoots and roots were weighed into PTFE digestion tubes and
digested in HNO; under pressure using a microwave digester (Ultraclave 4;
MLS). Elemental analysis was undertaken using inductively coupled plasma
optical emission spectroscopy (iCAP 6500 dual OES spectrometer; Thermo
Fischer Scientific). Samples (200-300 mg) of the different gelling agents used in
this study were dried at 65°C, digested, and measured as for the plant sam-
ples. For the N analysis, the plants were freeze dried and ground using a ball
mill before 1 mg of material was taken for analysis. The N concentrations were
determined using an elemental analyzer (Euro-EA; HEKAtech).

Calculation and Visualization of RSA Plasticity

RSA plasticity was calculated on independent root traits from all treatments
except Cl, Cu, and Zn. The Zn experiment was excluded because the age of
plants was vastly different from the other experiments, and the Cl and Cu ex-
periments were excluded because the extent of the deficiency phenotype
obtained in these experiments was relatively small. The global mean and sp of
the 1/2 MS control treatments from across all experiments was calculated for
each root trait. Data were then normalized using a sb normalization procedure
(Kantardzic, 2002) relative to the 1/2 MS control treatment within each experi-
ment and scaled to the global mean of the 1/2 MS controls from across all ex-
periments. The new normalized values (x) were calculated using the following
algorithm:

x— ‘ul /2MS  control treatment

x= o1/2MS control  treatment /U.all controls

+ Mall controls

1/2MS control treatment 1/2MS control treatment

are the observed mean and
all controls 4 g

where and o
sp of the 1/2 MS control treatment in any given experiment and u
gl «ntols are the global mean and sp calculated from the 1/2 MS control
treatments from across all experiments.

The normalized root traits were subjected to correlation analysis and PCA
using the R package ADE-4 (Thioulouse et al., 1997). A PCA canonical graph
of the six components of the PCA was prepared, showing how the sum of
squared correlations is maximized for the root traits of the data set.

The variation explained within the PCA was expressed as a multilevel pie
chart divided into n portions (where 7 is the number of principal components)
with the relative radial size of each portion representing the eigenvalue of each
respective principal component. The average component scores of the control
treatments from all experiments were set as the center point of the pie chart, and
a blank center was included to allow better resolution of values approaching
Zero.

The mean component score of each treatment was then plotted as the distance
along the axis, with positive component scores shaded yellow and negative
component scores shaded blue. The mean component scores were plotted on a
square root scale to allow the area enclosed by the score in the chart to accurately
represent the magnitude of the component score. The total RSA response was
determined by calculating the area enclosed by the mean component scores of
each treatment across all principal components, resulting in a response value
of arbitrary units squared. The greater this value, the greater is the difference
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between the RSA of the treatment and the RSA of the mean of the controls. This
allows the total change in all measured root traits to be represented in a single
response value. In the legend of Figure 11, the outer dashed line represents the
largest response of the RSA observed for each of the principal components and
indicates the largest response obtainable in our experimental system for all of the
root traits. The nutrients were then ranked based on the total RSA response value
observed across all treatments as an indication of the nutrient deficiency that
induces the greatest level of RSA plasticity.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. The effect of Zn deficiency on root morphology.
Supplemental Figure S2. The effect of Cu deficiency on root morphology.
Supplemental Figure S3. The effect of Cl deficiency on root morphology.

Supplemental Table S1. The weight, shoot-to-root ratio, and elemental
concentration of shoots and roots of plants grown on varying concen-
trations of nutrients.

Supplemental Table S2. The weight, shoot-to-root ratio, and elemental
concentration of shoots and roots of plants grown on Zn, Cu, and CI
deficiency.

Supplemental Table S3. Description of experimental treatments.
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