
COMMENTARY

QuantitativeAnalysisof LateralRootDevelopment:Pitfalls andHow
to Avoid Them C

Joseph G. Dubrovskya,1 and Brian G. Fordeb

aInstituto de Biotecnologı́a, Universidad Nacional Autónoma de México, 62250 Cuernavaca, Morelos, Mexico
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The advent of the postgenomics era has led to increased interest in exploring the role of gene networks and signaling pathways

in controlling plant development. The last two decades have seen a particular increase in the number of studies focusing on the

development of the Arabidopsis thaliana root system. However, the investigation of such a seemingly simple system as an

Arabidopsis root can lead to problems in quantification and errors in interpretation if knowledge of root organization is lacking.

In this article, we identify a number of these problems and give examples of potentially erroneous and correct determinations of

lateral root parameters. Our aim is to bring this important issue to the attention of the plant science community and to suggest

ways in which the problems inherent in quantifying the process of lateral root development can be avoided.

The importance of root development in plant

biology arises not only from the crucial role

that roots play in supporting plant growth

and crop productivity but also because the

root is a convenient model for studies of

plant development. Root system architec-

ture is an integrative result of lateral root (LR)

initiation, morphogenesis, emergence, and

growth. Thus LR development is fundamen-

tal to the way in which a plant elaborates its

root system to explore the soil volume.

Despite recent progress in this area (Péret

et al., 2009; Fukaki and Tasaka, 2009;

Benková and Bielach, 2010; Ingram and

Malamy, 2010), we are far from understand-

ing how the multistage process of LR

development is controlled during plant

ontogenesis and how its complex re-

sponses to multiple intrinsic and extrinsic

factors are integrated. It is axiomatic that

improving our understanding of these prob-

lems depends on the proper quantitative

analysis of the process of LR development.

In this Commentary, we address the prob-

lems of LR quantification solely from a de-

velopmental perspective, considering how

LR formation is evaluated in an individual

parent root. We do not consider studies that

approach root system development from

ecological, root-soil-continuum, or high-

throughput phenotyping perspectives (for

example, Dupuy et al., 2005, 2010; Trachsel

et al., 2011).

We have seen greatly increasing atten-

tion directed toward root development over

the past 20 years. A bibliographic search

on the term “lateral roots” in Web of

Science from Thomson Reuters during the

period 1990 to 2010 produced a total of

2619 documents and showed a 12-fold

increase in publications in the last 21 years

(19 publications in 1990 compared with 238

in 2010). This enhanced number of studies

of root development has involved many

plant biologists whose field of expertise is

not root biology or plant development. As

a consequence, it is our observation that

many studies suffer from one or a number

of inaccuracies or elementary errors in

quantification of LR formation. This promp-

ted us to write this Commentary with the

aim of illustrating how an elementary error

can lead to uncertain or misleading con-

clusions about root development. Our in-

tention is to draw the attention of plant

scientists to some critical factors that

should be taken into account when quan-

tifying the process of root development.

THE BASICS: THE IMPORTANCE OF

GROWTH CONDITIONS

If LR formation is to be quantified, it seems

obvious that the plants should be grown

under conditions that do not limit or inhibit

root growth in unintended ways. This is

because the rate of root growth reflects

root apical meristem activity and cell pro-

duction (Ivanov and Dubrovsky, 1997;

Baskin, 2000) and anything that perturbs

these activities in the parent root is almost

certain to affect the process of LR forma-

tion that begins close behind the root apex

(Dubrovsky et al., 2011). In young seed-

lings, root growth accelerates as the plant

develops (Beemster and Baskin, 1998), and

growth rates also differ between Arabidop-

sis thaliana accessions (Armengaud et al.,

2009). Thus, when comparing the rate of

root growth, the age and genotype of the

plants must be taken into account. Various

environmental factors, such as growth

medium, temperature, light, and aeration,

also affect root growth (McMichael and

Burke, 1998; Kiss et al., 2003; López-Bucio

et al., 2003; MacGregor et al., 2008; Ingram

and Malamy, 2010). There is currently no

agreed standard medium for growing seed-

lings for root studies, but many labs use

complete or half-strength Murashige and

Skoog (MS)medium (Murashige and Skoog,

1962). This is a medium designed for tissue

culture that contains very high and non-

physiological concentrations of mineral

nutrients: For example, the N supply in full-

strength MS consists of 21 mM NH4
1 and

40 mM NO3
2. It is therefore not surprising

that full-strength MS medium was found to

inhibit root growth (Dubrovsky et al., 2009).
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As alternatives, other groups have used

diluted media based on MS (Dubrovsky

et al., 2006; Monshausen et al., 2009; Peer

et al., 2009; Morquecho-Contreras et al.,

2010), Gamborg’s B5 (Zhang and Forde,

1998), Hoagland (Werner et al., 2010), or

other media (Remans et al., 2006). An

additional issue is that when seedlings are

grown on vertical agar plates, contact

between the aerial parts and Suc in the

medium affects LR formation (MacGregor

et al., 2008). To avoid this problem, the

shoot can be isolated from the agar using

a strip of Parafilm (MacGregor et al., 2008)

or by excising the segment of agar from the

top of the plate (Figure 1; see also Figure 1A

in Walch-Liu and Forde, 2008). The study

by MacGregor et al. (2008) suggests that

good aeration in the Petri dish is also

important for normal root growth. Recent

data showed that in Columbia-0 (Col-0)

plants grown in Petri dishes wrapped with

gas-permeable 3M Micropore tape, the

mean rate of root growth between days 5

and 6 after germination was 394 mm h21

(Tapia-López et al., 2008, Supplemental

Table 1). In plants of the same age grown

under the same conditions but in Petri

dishes wrapped with a plastic gas-imper-

meable film, the mean rate of growth was

271mm h21 (Dubrovsky et al., 2006, Figure

4). Based on the range of root growth rates

observed for Col-0 in published studies

(Table 1), it seems that the very low growth

rates reported in some cases for seedlings

of similar age may be due to suboptimal

growth conditions.

ESTIMATING LR DENSITIES

The process of LR initiation takes place in

the pericycle a few millimeters behind the

root apical meristem. It begins with priming

of some pericycle cells within the root

elongation zone, including the transition

zone (De Smet et al., 2007; Moreno-

Risueno et al., 2010; De Rybel et al.,

2010) and subsequent specification of

founder cells followed by the first cell

divisions leading to formation of a lateral

root primordium (LRP) (Dubrovsky et al.,

2008, 2011). In wild-type Arabidopsis,

LRPs are always initiated acropetally (i.e.,

new initiation events take place rootward,

in the direction of the root apex). However,

initiated primordia do not develop at

uniform rates, and some arrested or de-

layed LRPs are found between emerged

LRs (Dubrovsky et al., 2006; Moreno-

Risueno et al., 2010, Figure 1D). Therefore,

in a growing root, we can define two zones

related to LR development: a root branch-

ing zone that extends rootward from the

shoot base to the youngest emerged LR

and an LR formation zone that spreads

from below the youngest emerged LR to

the youngest and most rootward LRP,

which is normally just 2 to 6 mm from the

root apex (Dubrovsky et al., 2011). These

zones are illustrated in Figure 2. As founder

cell priming takes place rootward of the

Stage I LRP (primordium formation per se),

the root portion between the priming

location and Stage I LRP is excluded from

the LR formation zone. LRP developmental

stages in Arabidopsis are defined in the

classic work of Malamy and Benfey (1997).

The short (2 to 3 mm) zone near the shoot

base where, in young plants, LRs have not

yet emerged has been termed the “basal

zone” (Armengaud et al., 2009). However,

since this zone contains primordia (Figure

3) that eventually emerge, we consider this

region to be part of the root branching

zone. If, in a developmental study the aim is

to determine the density of visible LRs on

the parent root (omitting unemerged LRPs),

it is most logical to estimate this parameter

only within the branching zone. In this case,

the parameter is termed the “branching

density” and is the number of emerged LRs

divided by the length of the branching zone

(Figure 3, Table 2). Branching density de-

fined in this manner is a developmentally

meaningful parameter as it reflects average

spacing between emerged LRs, even

though some LRPs may emerge later. It

should be mentioned that the term

“branching density” used here in a devel-

opmental context is very different from the

same term used in an ecological context as

there it refers to number, length, and/or

biomass of roots per certain soil volume

(Dupuy et al., 2005). In Arabidopsis, the

branching density varies between eco-

types: In Col-0 seedlings (6 to 9 d old),

when evaluated correctly, the branching

density is normally ;0.4 mm21 (Dubrovsky

et al., 2006; Armengaud et al., 2009;

Ikeyama et al., 2010), although higher den-

sities (0.5 to 0.8 mm21) were observed in

older (11 to 14 d old) seedlings (Dubrovsky

et al., 2006; Hermans et al., 2010).

Despite the simplicity of the branching

density parameter, we can find many cases

in the literature of alternative measures of

LR density that can be misleading. The

most common problem is that the number

of emerged roots is divided by the total

primary root length, including both branch-

ing and LR formation zones. When esti-

mated in this way, the values can lead to

erroneous conclusions because of varia-

tions in the proportion of the primary root

that is branching. The ratio between the

lengths of the branching and LR formation

zones increases naturally as the primary

root grows (simply because, with time, an

increasing proportion of the root carries

LRs). As a result, LR density estimated as

a function of total primary root length will

Figure 1. A Petri Dish System with the Upper Segment of Agar Excised to Avoid Direct Contact of

Shoot Tissues with the Nutrient Medium.

Arabidopsis seeds were germinated on the surface of vertical agar nursery plates and after 4 to 5

d transferred to treatment plates that had the upper segment of agar removed. By positioning the bases

of the hypocotyls in line with the cut edge of the agar, the shoots are able to develop without coming

into contact with the agar surface.

[See online article for color version of this figure.]
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always be lower than the one correctly

estimated and will gradually increase as the

seedling develops, even though no de-

velopmental changes in the spacing of the

LRs are actually occurring. The LR density

values estimated in this way are meaning-

less in terms of developmental biology as

they do not reflect average spacing be-

tween emerged LRs. When calculated on

the basis of total primary root length,

estimates of LR density in Col-0 have varied

from 0.02 to 0.8 mm21 across numerous

publications (Table 1). Thus, 40-fold differ-

ences are recorded in the same genotype if

the LR density is estimated in this manner,

whereas only twofold differences are re-

corded when estimated (correctly in our

view) as branching density (see above).

Examples of apparent age-dependent

changes in estimated LR density can be

found in a number of published studies

(Marchant et al., 2002 [Figure 1, LR density

of ;0.2 in 7-d-old and ;0.6 mm21 in 13-d-

old Col-0 plants]; Uehara et al., 2008 [Figure

2, LR density of ;0.05 mm21 in 6-d-old

and ;0.2 mm21 in 8-d-old Col-0 plants];

Lucas et al., 2011 [Supplemental Figure 5,

in the wild type, LR density of ;0.05 mm21

in 7-d-old and;0.3 in10-d-oldCol-0plants];

Sanz et al., 2011 [Figure 3B, LR density

of ;0.02 mm21 in 6-d-old and ;0.13 mm21

in 10-d-old Col-0 plants]). However, as

explained above, this apparent increase

is a result of a progressive increase in the

length of the branching zone with time and

does not reflect actual changes in spacing

between LRs. As shown previously in

a number of species (MacLeod and

Thompson, 1979), including Arabidopsis

(Dubrovsky et al., 2009), the combined

density of both LRs and LRPs does not

change with plant age when estimated

within the zone where LRs and LRP are

present. However, branching density cor-

rectly estimated can increase slightly with

age because LRPs present between LRs

eventually emerge (Dubrovsky et al., 2006).

An illustration of arrested or delayed LRPs

located between already emerged LRs in

wild type Col-0 plants is seen in Figure 3.

The term “LR formation” often is used

interchangeably with “LR production,” and

both terms are sometimes used to describe

only the production of visible LRs (Nodzon

et al., 2004). In a developmental sense,

both terms incorporate the process of “LR

initiation” because roots are formed from

primordia. In fact, “LR formation” is a more

general term that refers to all processes

subsequent to pericycle cell priming, in-

cluding LRP initiation, LRPmorphogenesis,

and LR emergence. Therefore, if one is

referring only to the production of emerged

LRs, “LR formation” would be an inappro-

priate term. As an alternative, the term

“root branching” (or “LR root emergence”)

can be used as it refers only to emerged

roots (Table 2). LR density, even if evaluated

correctly, cannot be used as a parameter to

judge whether LR formation is affected in

a genotype or by a treatment. This is

because LR density, being based on count-

ing visible LRs, is dependent on the process

of LR emergence, which is highly suscepti-

ble to genetic and environmental factors that

are distinct from those affecting LR initiation.

It is because these factors operate at the

level of the individual LR that some un-

emerged LRPs are often found between LRs

(MacLeod and Thompson, 1979; Dubrovsky

et al., 2006, 2009). Nevertheless, in the

literature, it is not uncommon to find con-

clusions about the effect of a certain factor

on LR initiation or LR formation based en-

tirely on measurements of LR density (or LR

number) without consideration of LRPs. We

argue that such conclusions cannot be

considered substantiated and final.

In summary, if LR density is evaluated per

total length of the parent root, the results are

Table 1. Examples from the Literature Showing the Ranges of Seedling Root Growth Rates and LR Densities Reported in the Col-0 Accession of

Arabidopsis

Plant Age Parameters and Their Values Reference

Root Growth Rate (mm h21)

6 to 11 d old, average 448 Ditengou et al. (2008), Supplemental Table 1

10 d old 445 Beemster and Baskin (1998), Figure 2

11 d old 375 Armengaud et al. (2009), Supplemental Table 2

8 d old ;320 Al-Ghazi et al. (2003), Figure 4A

6 d old 241 Beemster and Baskin (1998), Figure 2

8 d old 170 Zhou et al. (2010), Figure 1B

13 d old 80 Yazdanbakhsh and Fisahn (2010), Figure 6C

LR Density (LR mm21), Based on Total Root Length

6 d old ;0.02 Sanz et al. (2011), Figure 3B

12 d old ;0.09 Pelagio-Flores et al. (2011), Figure 13

12 d old ;0.1 Kapulnik et al. (2011), Figure 1B

12 d old 0.16 Fukaki et al. (2006), Figure 6B

12 to 14 d old 0.1–0.2 Swarup et al. (2008), Supplemental Figures 1C, S2D, S3I

Not reported ;0.2 De Smet et al. (2008), Figure 2C

10 d old 0.3 Nodzon et al. (2004), Figure 8

10 d old 0.27 De Smet et al. (2007), Table 2

10 d old ;0.35 De Rybel et al. (2010), Figure 3A

13 d old ;0.6 Marchant et al. (2002), Figure 1

11 d old 0.8 Coates et al. (2006), Figure 3B
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highly variable and do not adequately reflect

the average distance between emerged

LRs. These erroneous LR density estima-

tions can be up to 40 times lower than

correctly estimated LR density and thus do

not give any meaningful information. Fur-

thermore, even if evaluated correctly as

branching density (Table 2), the counting of

visible LRs cannot be used to establish

whether LR formation or initiation is affected

in a mutant or by a particular treatment;

LRPs must be taken into account. Prag-

matically, if an initial screen of seedlings

analyzed at later stages, when delayed

LRPs between LRs have emerged, shows

no effects (of a genotype or a treatment) on

branching density, then in most cases it is

unlikely that LR initiation has been affected;

however, where differences are seen, then

further investigation is required to establish

which stage(s) of LR formation is affected.

ESTIMATING THE DENSITY OF ALL LR

INITIATION EVENTS

As already stated, if LR initiation is a main

point of interest in a study, we must

evaluate the density of all initiation events,

including both LRs and LRPs (Figure 3). To

estimate this density, the combined num-

bers of LRs and LRPs detected in a root are

divided by the length of the parent root

from the shoot base to the most rootward

LRP (Table 2). This calculation will give the

most reliable results (Method 1). Some-

times, when the volume of samples is very

high, to decrease time for data collection, it

would be acceptable to divide the com-

bined number of LRs and LRPs by the total

length of root or root portion analyzed

(Method 2) without subtracting the distance

from the tip to the most rootward LRP

(Ivanchenko et al., 2008, 2010). In this case,

density is slightly underestimated (because

of the small distance between the tip and

the youngest LRP), and it is therefore

important to estimate the extent of the

experimental error. To do this, the density

should initially be evaluated by both

Methods 1 and 2 for a representative

sample of roots. If, under the conditions

studied, the estimated experimental errors,

are similar (e.g., across different genotypes

or treatments), thenMethod 2 is acceptable.

However, Method 1 is always preferable.

When the density of all LR initiation

events is to be evaluated, the roots are usu-

ally cleared with some chemical treatments

(Malamy and Benfey, 1997; Dubrovsky

et al., 2009) and LRPs are analyzed with

differential interferential contrast (Nomarski)

optics starting from Stage I (the earliest

stage at which LR initiation is detectable).

As priming is a preinitiation event taking

place in protoxylem and not pericycle cells

(De Smet et al., 2007), it does not affect the

number of LR initiation events and the most

rootward LRP should first be detected.

Good quality clearing is critical for quan-

tification of LRP as early stages cannot

be detected without it. Thus, if clearing is

not performed, the number of LRP can be

underestimated (Lee et al., 2009, Figure 4A,

LRP density in 8-d-old plants is ;0.1

mm21). Simple use of marker lines without

detailed microscopy analysis may not be

sufficient. For example, Sun et al. (2009)

used a CYCB1;1:b-glucuronidase (GUS)

line (Colón-Carmona et al., 1999) and

reported that in 7-d-old Col-0 plants there

are six LR initiation events (LRs and LRP;

Figure 1B in Sun et al., 2009); considering

that at this age the primary root is;37-mm

long (Figure 1C in Sun et al., 2009), the

density of all LR initiation events based on

these counts would appear to be ;0.16 (6/

37) mm21, which is about 5 times lower

than expected (see below). This type of

error can arise because the CYCB1;1 gene

is a marker for dividing cells, so that de-

layed or arrested primordia may not express

it. Use of the auxin-responsive DR5:GUS

marker (Ulmasov et al., 1997) may also be

problematic as an aid to estimating LRP

densities because it has been found that not

all LRPs in an Arabidopsis line expressing

the DR5:GUSmarker are GUS positive (J.G.

Dubrovsky, unpublished data; J.C. Del

Pozo, personal communication).

Estimating the density of all LR initiation

events is a demanding task, particularly for

a long root. In our experience, it is easier to

evaluate this parameter in Arabidopsis

seedlings 5 to 6 d after germination. To

simplify data collection, the LRP density

specifically in the LR formation zone can be

evaluated. As mentioned above, already

initiated LRP develop asynchronously, and

the density of all initiation events does not

depend on plant age. Also, analysis of our

own data (Dubrovsky et al., 2006; J.G.

Dubrovsky, unpublished data) showed that

the density of all LR initiation events along

the root gives statistically the same values

as LRP density evaluated in the LR forma-

tion zone alone. For example, for Col-0,

8-d-old plants (6 d after germination) grown

in Petri dishes wrapped with a plastic film

(which limits gas exchange), the mean LRP

density evaluated in the LR formation zone

was 0.63 6 0.14 mm21, and the mean

density of all initiation events in the same

root samples was 0.67 6 0.11 mm21

(combined data of two independent exper-

iments, 6 SD, n 5 35, P 5 0.247, Student’s

t test). In plants of the same age grown

Figure 2. Root Branching Zone and LR Forma-

tion Zone in Arabidopsis.

A 10-d-old Col-0 seedling showing the root

branching zone (black bar), from the shoot base

to the most rootward emerged LR, and the LR

formation zone (white bar), from themost rootward

emerged LR to the most rootward primordium as

detected on preparations cleared as described by

Malamy and Benfey (1997). Bar ¼ 5 mm.

[See online article for color version of this figure.]
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under the same conditions but wrapped

with gas-permeable 3M Micropore tape,

the mean LRP density in the LR formation

zone was 0.86 6 0.19 mm21 (combined

data of five independent experiments, 6
SD, n5 54), the mean density of all initiation

events in some of the these root samples

was 0.87 6 0.15 mm21 (combined data of

two independent experiments, 6 SD, n 5
21), and there were no differences between

these values (P 5 0.744, Student’s t test).

LRP density values estimated in the LR

formation zone in the above example are

within normal distribution (Kolmogorov-

Smirnov Normality test, P . 0.200). There-

fore, it is practical to evaluate LRP density

in the LR formation zone only. This param-

eter is evaluated by dividing the number of

LRPs in the LR formation zone by the length

of the zone (Table 2). In developmental

terms, this will reveal whether a treatment

or a genotype affects LR initiation. As can

be seen from the above examples, in Col-0,

the density of all initiation events is be-

tween 0.7 and 0.9 mm21. Similar values are

published (Dubrovsky et al., 2009, 2011;

Ivanchenko et al., 2008, 2010; Moreno-

Risueno et al., 2010 [0.77 mm21, estimated

from Figure 4G]). Some variations in this

parameter may be expected. However, the

average number of LR initiation events is

one or close to one event per millimeter,

which might be considered as a rule of

thumb (or “rule of one”) for quantification of

LR formation in Arabidopsis. In different

accessions, it can be a greater or a lesser

value (Dubrovsky et al., 2006, 2009), but

this gives an idea of the approximate

average potential branching density. Esti-

mates of LRP density leading to false

impression of the phenotype and mislead-

ing conclusions can occur if the number of

LRPs is divided by the full length of the

primary root rather than by the length of the

LR formation zone (or a zone where they

were counted) (Coates et al., 2006 [Figure 3C,

;0.25 LRP mm21 in 11-d-old Col-0 plants];

Vellosillo et al., 2007 [Figure 4D, total

number of LRPs was divided by pri-

mary root length, LRP density in 10-d-old

Col-0 plants 0.66 mm21]; De Smet et al.,

2008 [Figure 2A, LRP density in Col-0 plants

;0.22 mm21]). Also, when low density of

LR initiation events is reported (Shkolnik-

Inbar and Bar-Zvi, 2010 [Figure 1E, ;0.3

mm21, LR 1 LRP density in 12-d-old Col-0

plants]), this can be related either to un-

derscoring of LRPs or to nonphysiological

conditions used for growth.

The eventual emergence of delayed or

quiescent LRPs between emerged LRs

(Figure 3) means that the branching density

in older roots becomes closer to the

density of all LR initiation events. Neverthe-

less, when evaluated in mutants or under

a treatment, we do not know how the

LR emergence process is affected and that

is why the density of all LR initiation events

Figure 3. Distribution of LRs and LRPs in the Primary Root and Density Evaluations.

Roots of three different 8-d-old Col-0 plants are shown. Roots were grown under conditions described

by Dubrovsky et al. (2009) and were cleared using the method of Malamy and Benfey (1997). Distances

between each subsequent LRP and/or LR were measured with an ocular micrometer under

a microscope equipped with Nomarski optics. Note the high variability in these individual distances:

Minimum and maximum distances were 266 and 1355 mm (root 1), 278 and 2242 mm (root 2), and 121

and 2145 mm (root 3). The black bar indicates the length of the root portion corresponding to the

branching zone (from the shoot base to themost rootward emerged LR), and the white bar indicates the

LR formation zone (from the most rootward emerged LR to the most rootward LRP). Note that in each

root, primordia are present within the branching root portion. For illustration purposes, “correct” and

“erroneous” estimations of LR density are shown. Correct LR density was estimated using the length of

the branching zone as the denominator, and erroneous LR density was estimated using the total length

of the primary root as the denominator. Density of all LR initiation events was estimated using the sum

of the length of the branching zone and LR formation zone as the denominator.
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or the LRP density evaluated in the LR

formation zone are explicit parameters when

one wants to establish whether a mutation

or a treatment affects LR formation. To

obtain information on whether a treatment

affects LR emergence, a percentage of

emerged LRs could be a useful parameter

(Ivanchenko et al., 2008, Figure 3B). How-

ever, this parameter can be misleading if

emergence is compared between a mutant

and a wild type because, if primary roots are

of significantly different length (for example,

in the mutant being much shorter), then the

percentage of emerged LRs in the wild type

will be different from the mutant merely

because of the differences in growth. In

such cases, the percentage of LRPs within

the LR-branching zone (Table 3, section 2f)

could aid in understanding whether LR

emergence is affected in a mutant.

The progression from one developmental

stage to another during LRP development is

an important part of LR formation. If, in

a mutant or under a treatment, this pro-

gression is affected, this information is valu-

able toward understanding the role of a gene

or the effect of a treatment in this process.

Changes from Stage I LRP to LR emergence

take place within the LR formation zone.

These data are frequently presented either

as number (Zhang et al., 1999; De Smet

et al., 2007; Vellosillo et al., 2007; Ikeyama

et al., 2010; Pelagio-Floreset al., 2011) or as

a density (De Rybel et al., 2010; Morquecho-

Contreras et al., 2010) of LRPs found at each

stage. If the length of the LR formation zone

varies between genotypes, which is often

the case, then reporting only the number of

LRPs present at each developmental stage

may be inadequate. Rather, reporting the

density of each developmental stage would

be more meaningful even though it will not

reflect inter-LRP distance. However, fre-

quently, reports do not indicate whether

the density was evaluated per LR formation

zone (an adequate method) or per other root

portion. Therefore, comparisons between

the mutant and wild type or between treated

anduntreated roots represent aconsiderable

challenge. In our view, estimation of the

percentage of LRPs found at each develop-

mental stage out of all LRPs within the LR

formation zone would be most useful. This

approach is infrequently used to date (Krouk

et al., 2010); hopefully, it will become more

common when LRP developmental stages

are evaluated. It is useful then, as dis-

cussed above, to know if LR emergence is

affected by estimating the percentage of

LRPs in the root branching zone. Alterna-

tively, if the primary root length in the

mutant and wild type is of similar length,

LRPs from both the root branching zone

and the LR formation zone can be

counted. Then, reporting the number of

each developmental stage could be suffi-

ciently informative. Therefore, it is critical

to report per what root portion the analysis

of LRP developmental stages is performed

(see section 4 of Table 3).

Since in mutants, or in the wild type under

treatments, elongated cells may become

Table 2. Definition of Terms and Parameters Used in Studies of LR Development

Term or Parameter Definition

Terms

LR initiation A complex developmental process that includes priming of founder cells, their subsequent specification in the pericycle,

and the first anticlinal divisions of these cells leading to early-stage primordium formation.

LRP After the first anticlinal division of founder cells and before the first periclinal divisions, a Stage I primordium is formed.

This is followed by patterned division leading to a dome-shaped primordium, which is considered a primordium while

it is inside the parent root. In general terms, a primordium is a presumptive lateral organ within a root system.

LR When the primordium protrudes through the epidermis of a parent root, it becomes an emerged LR (this process is mainly

driven by cell elongation). Soon after emergence, the LR becomes mature and begins to grow due to both cell

proliferation in the newly activated apical meristem and cell elongation.

LR formation zone The zone of the parent root that extends from the most rootward (closest to the root tip) LRP to the most rootward

emerged LR. This zone of the parent root contains only LRPs. Length of the zone ¼ LP (mm).

Root branching zone The zone of the parent root that extends from the most rootward emerged LR to the shoot base. Length of the

zone ¼ LB (mm)

Parameters

LR branching density

or LR density

A parameter that quantifies the average spacing of LRs specifically within the root branching zone, defined as the number

of (emerged) LRs per unit length of the root branching zone, NoR LB21 (mm21).

LRP density A parameter that quantifies the average spacing of LRPs, usually within the LR formation zone, defined as the number of

all LRPs per unit length of the LR formation zone, NoP LP21 (mm21). To estimate this parameter, cleared root

preparations are made and LRPs are detected, usually using differential interferential contrast (Nomarski) microscopy.

Density of all LR

initiation events

A parameter that quantifies the average spacing of both LRs and LRPs within the root portion where LRs and LRPs are

present, defined as the combined number of all LRs and all LRPs per unit length comprising the LR branching zone and

the LR formation zone of the parent root, (NoR 1 NoP) (LB 1 LP)21 (mm21).

LR initiation index A parameter that quantifies the number of LRs distributed along the primary root length comprising 100 cortical cells. If a

genotype or a treatment affects the length of elongated cells, then simple density measurements may not be sufficient to

reflect differences in LR initiation. The parameter can be evaluated for the whole root or for the LR formation zone only.

In the latter case, it is estimated as 100 times the LRP density in this zone multiplied by the average elongated cortical

length (l, mm) [i.e., 100 (NoP LP21) l.]
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shorter, normalization for cell length is

helpful to better understand the effect. For

this, a parameter called the “LR initiation

index” can be evaluated that considers how

many LR initiation events take place along

the parent root portion comprising 100

elongated cells (Ivanchenko et al., 2008,

2010; Dubrovsky et al., 2009). The LR

initiation index is a parameter that reveals

how LR initiation is affected in a genotype or

by a treatment (Table 2). If, for example,

under a treatment, cell length decreases by

50%, the root will become shorter and so

the density of LRP will increase by 50%

compared with untreated roots. However,

estimating the LRP frequency per 100 cells

may show that each new initiation event

took place on average per the same number

of cells along the root. More details on this

parameter can be found in Dubrovsky et al.

(2009).

ARE NUMBERS OF LRs OR

LRPs PER PARENT ROOT

USEFUL PARAMETERS?

LR number can be a useful parameter for

the analysis of LR development in certain

contexts, for example, when the LR num-

ber is evaluated as away of illustrating qual-

itative differences under treatments (LRs

absent under one treatment and present

under another treatment) (Dubrovsky et al.,

2011, Figure 5A). Also, when an increase in

the number of LRs with time is evaluated, it

can give valuable information on the rate of

LR formation (MacLeod and Thompson,

1979; Chevalier et al., 2003, Figure 8; Al-

Ghazi et al., 2003, Figure 5A; Brun et al.,

2010, Figure 8). It can also be useful to

present data on LR number together with

the LR density data (Ivanchenko et al.,

2010). However, to present data on LR

number without density data is insufficient

for a complete understanding of what is

happening to LR formation because, as al-

ready pointed out, root length and branch-

ing zone length vary to different extents in

different genotypes or under different con-

ditions. Examples of the usage of the LR

number without density information can be

found (Dubrovsky et al., 2008, Figure 2C;

Swarup et al., 2008, Figure 1F; Pérez-Torres

Table 3. A Possible Scenario for Data Collection and Analysis When LR Development in an Arabidopsis Mutant Is Studied

Questions to Be Answered and Parameters

and Data to Be Collected and Reported

Description

1. Questions to be answered before

the beginning of the analysis

(a) What is the primary root growth capacity in 5- to 10-d-old seedlings? If the primary root is longer

than 10 mm /go to 2a and 2b (optionally to 2c), if it is 10 mm or shorter /go to 2c.

(b) Is the LR formation zone at least 5- to 7-mm long in seedlings 5 to 6 d after germination ?

If yes /go to 2a and 2b (optionally to 2c), if no /go to 2c.

(c) Is the average cortical cell length in the one-third of the proximal (shootward) root portion the

same as within the one-third of the distal (rootward) root portion? Lengths should be compared in

at least five roots, 10 cortical cells in each. If cell length is the same /go to 2d, if cell length is

different /go to 2d’ and 2d’’.

(d) Are some LRP stages delayed? /go to 2e.

(e) Is LR emergence altered? /go to 2f.

2. Parameters to be evaluated (a) LR branching density /go to 3a.

(b) LRP density in the LR formation zone /go to 3d.

(c) Density of all LR initiation events /go to 3a and 3d.

(d) LR initiation index within the primary root /go to 3c and 3d.

(d’) LR initiation index within the LR-formation zone /go to 3c and 3d.

(d’’) LR initiation index within the LR-branching zone /go to 3b and 3d.

(e) Distribution of different LRP developmental stages within the LR formation zone (expressed in

percentage of total number) /go 3e.

(f) Percentage of LRP of the total LR initiation events within the LR branching zone /go to 3a.

3. Data to be collected (a) Length of the branching zone; number of LR within the branching zone; number of LRP within the

branching zone.

(b) Cortical cell length within the LR branching zone.

(c) Cortical cell length within the LR formation zone.

(d) Distance from the most rootward LRP to the root tip and the length of the LR formation zone;

number of LRP within the LR branching zone (when the primordium protrudes through the

epidermis of the parent root it is considered to be an emerged LR).

(e) Number (or proportion) of LRP of each developmental stage found within the LR formation zone.

4. Variables and conditions to be reported Plant age at the time of the analysis, growth conditions (light, temperature, and photoperiod),

medium composition, plate sealing type, how plates were oriented (vertically, at an angle, etc.),

whether shoots were in contact with the agar, how LR or LRP density was evaluated (per total

parent root length or per specific root portion), in what root portion developmental stages were

evaluated.

Counting of LRPs is performed on cleared root preparations under a microscope.
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et al., 2008, Figure 5I; Li et al., 2009, Figure

2G; Effendi et al., 2011, Figures 2A and 2B;

Prasad et al., 2010, Figures 1A and 3).

Even when both the data on primary root

length and LR (and/or LRP) number or

data on LR and LRP numbers are given

(Swarup et al., 2008, Supplemental Fig-

ures 1D and 1E; Li et al., 2009, Figures 2F

and 2G; Jiang et al., 2010, Figure 4B;

Moreno-Risueno et al., 2010, Figure 4B;

Ortiz-Castro et al., 2011, Figure 1E), one

cannot explicitly understand whether

a mutation or a treatment affects LR

initiation when the data on LRP density

and on the length of branching zone are

not present. For example, if a mutant has

a branching zone that is half the length

of that in the wild type and both the

numbers of LR and LRP per root are half

those in the wild type, the density of LR

initiation events can be the same. This

explains why LRP density or density of

all LR initiation events is needed to make

conclusions about the effect of a gene

on root development. If the length of fully

elongated cells is changed in a genotype

or a treatment compared with the wild

type or a control treatment, then a supple-

mentary useful parameter can be the LR

initiation index discussed above.

ANALYSIS OF ROOT SYSTEM

FORMATION IN A MUTANT OR IN THE

WILD TYPE UNDER A TREATMENT

Here, we consider what would be the

minimal list of parameters to be evaluated

for a quantitative description of root system

formation that permit an understanding of

whether LR initiation and formation are

affected in a mutant or under a treatment.

These parameters are outlined in the Table

3. Many more parameters could be pro-

posed depending on the specific research

focus. The aim of this Commentary is not to

provide a specific protocol but rather

to suggest the most appropriate way to

address the problem of quantitative analy-

sis of LR development and, particularly, of

LR initiation. Therefore, we only briefly

consider here how the analysis of root

system formation could be performed. If

a mutant is to be analyzed, a few questions

should be answered before beginning the

analysis. For example, is the primary root

length #10 mm by 10 d after germination?

If so, then the density of all LR initiation

events should be evaluated (Table 3; 10-

mm root length is chosen arbitrarily, as in

our experience the shortest LR formation

zone in the wild type typically is 5 to 7 mm).

Also, can the LR formation zone be clearly

defined in seedlings 5 to 6 d after germi-

nation? If so, the LRP density in the LR

formation zone and branching density

might be evaluated. The parameters that

can be evaluated are described in Table 3

and discussed above.

If the effect of a treatment is to be

evaluated in the wild type, a possible

scenario for data collection and analysis

can be similar to that outlined in Table 3.

However, we must consider that some

parameters should be evaluated differently

when comparing treatments rather than

comparing a mutant with its wild type

(see an example discussed above related

to a percentage of emerged LRs in the

section “Estimating the Density of All LR

Initiation Events”). Frequently, mutant and

wild-type plants are subjected to a treat-

ment. In each of these situations, the value

of analyzing each parameter must be

assessed. Response to a treatment can

be studied using different experimental

designs. A typical design is based on

seed germinated from the outset in the

medium supplemented or not with a com-

pound of interest (for example, Laplaze

et al., 2007). Alternatively, seedlings can

be grown initially on a control medium and

then transferred to a medium supple-

mented with the compound of interest

(for example, Walch-Liu and Forde,

2008; Ikeyama et al., 2010). If the com-

pound is expected to have a complex

mode of action, we have found that more

information can be extracted from an

experiment wherein seedlings are trans-

ferred to a medium supplemented with the

compound and the analysis then per-

formed separately on the root portion

formed before treatment and during treat-

ment (within a newly grown portion of

primary root). Treatments may have dif-

ferential and sometimes opposite effects

on the root portions formed before and

during the treatment (Ivanchenko et al.,

2008, 2010).

CONCLUSIONS

In this Commentary, we reviewed the ways

in which it is common to make quantitative

evaluations of LR formation that can lead to

unsubstantiated, misleading, or even in-

correct conclusions. The main errors can

be summarized as follows: (1) LR or LRP

density is evaluated per total length of the

primary root; when LR density is evaluated

in this way, some false changes with plant

age are observed; (2) conclusions about LR

initiation or LR formation are based on data

about LR density or LR number without

taking LRPs into account; (3) LR or LRP

numbers are given without density data

and misleading conclusions are drawn; (4)

the number of LRPs is underestimated due

to estimation of LRP without clearing roots,

without using differential interferential con-

trast microscopy or due to overreliance on

marker genes. Analysis of the qualitative

changes in LR formation, such as abnormal

or fused primordia, is beyond the scope of

this Commentary.

We illustrated these problems only using

examples from Arabidopsis research. How-

ever, the types of errors identified can

cause uncertainty in data interpretation in

any studied species, and we recommend

avoiding them for any study performed in

a developmental context. Our comments

are not intended to be seen as criticism

of any of the studies cited herein, but

rather to draw the attention of researchers

to unnoticed problems that have become

embedded in contemporary research on

root development. Therefore, we also at-

tempted to present a general outline of

considerations that should be taken into

account when a quantitative analysis of

the process of LR formation is required.

Due to limitations of space, we could not

present an exhaustive review of the liter-

ature, and we focused on providing ex-

amples of problems in the quantification of

LR initiation and branching in the recent

literature. We sincerely hope that the

various issues we identify here will be

taken into account by the plant science
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community to improve our understanding

of the complex processes that regulate LR

formation.
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E., Swarup, R., Laplaze, L., Beeckman, T.,

and Bennett, M.J. (2009). Arabidopsis lateral

root development: An emerging story. Trends

Plant Sci. 14: 399–408.

Pérez-Torres, C.A., López-Bucio, J., Cruz-
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Novák, O., Strnad, M., Krämer, U., and
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