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Abstract: Grasses have a segmental morphology. Compared to leaf development, data on root
development at the phytomer level are scarce. Leaf appearance interval was recorded over time to
allow inference about the age of segmental sites that later form roots. Hydroponically grown Lolium
perenne cv. Aberdart tillers were studied in both spring and autumn in increasing and decreasing day
length conditions, respectively, and dissected to define the development status of roots of known
age on successive phytomers basipetally on the tiller axis. Over a 90-day observation period spring
and autumn tillers produced 10.4 and 18.1 root bearing phytomers (Pr), respectively. Four stages
of root development were identified: (0) main axis elongation (~0-10 days), (1) primary branching
(~10-18 days), (2) secondary branching (~18-25 days), and (3) tertiary and quaternary branching
without further increase in root dry weight. The individual spring roots achieved significantly greater
dry weight (35%) than autumn roots, and a mechanism for seasonal shift in substrate supply to roots
is proposed. Our data define a root turnover pattern likely also occurring in field swards and provide
insight for modelling the turnover of grass root systems for developing nutrient efficient or stress
tolerant ryegrass swards.

Keywords: Lolium perenne; root development; root elongation; lateral roots; root branching; root dry
weight; root surface area; root volume; phytomer

1. Introduction

Grass tillers are composed of recurring segmental units known as phytomers. Over
their life cycle, phytomers undergo a series of developmental changes following their
differentiation at the apical meristem [1-3], including the formation, maturation, and
subsequent senescence of a leaf, the possible release within a limited time window of a
leaf axillary bud to form a daughter tiller, possible internode elongation, and usually the
formation of roots within a few days of leaf senescence (Figure 1). In a grass tiller, the
development of leaves exhibits a coordination between adjacent phytomers (e.g., [4-6]).
Developmental events such as leaf initiation, ligule formation, and the cessation of cell
division at the leaf sheaths are often recorded in phyllochron time units—the interval
between the appearance of successive leaf tips from the sheath of the preceding leaf, and
reported in days or growing degree days (Figure 1, [4]).
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Figure 1. Developmental stages of phytomers in a vegetative grass tiller. In diagram (A) phytomers are represented as

stacked discs within the tiller axis. Phytomer development progresses with phytomer age moving basipetally down the axis

from the apical meristem, with the final event in the phytomer life cycle being root elongation. Leaf developmental stages

have been drawn taking data from Yang et al. [3]. The diagram has been drawn following Matthew et al. [7]. Diagram

(B) represents the morphological components of a typical vegetative-tiller phytomer. Diagram (C) illustrates the spatial

separation on the tiller axis and temporal separation for a particular phytomer, of leaf and root developmental events.

In comparison to leaf development, little has been reported on root developmental
succession along the tiller axis. Early field studies typically reported an annual pattern of
root replacement under grass swards without clarifying root formation and developmental
activity at the tiller axis (e.g., [8-10]). Subsequently, some reports have documented the
positional placement of individual roots on the tiller axis [3,11,12]. Matthew et al. [13]
proposed the development of sward mass flow equations based on summation of events
at the tiller axis level. From a whole sward perspective, when new root deposition in
perennial ryegrass dominant swards was isolated from the bulk root mass by an ‘ingrowth
core’ technique, the data indicated continuous new root deposition with a mass flow of
about 15% of leaf formation, and with peaks in spring and following autumn rain [14].

Little previous research has examined the developmental morphology of individual
roots on the tiller axis. It is axiomatic that so long as there is a lack of data on root develop-
mental activity and function over the life-span of root-bearing phytomers on the tiller axis,
it will be difficult to formulate breeding criteria for enhancement of root contribution to
forage grass performance, or even understand which root system traits might be beneficial.
A range of methodologies, such as minirhizotrons [15-17] and core-break techniques [16,18]
have been devised by researchers interested in quantifying root development and function,
but each of the various techniques has limitations [19]. Here, we address the knowledge
gap in the root development domain through a new technique not previously used be-
fore, to our knowledge. In our study, ryegrass tillers were grown hydroponically from
excised tiller ramets, and their leaf appearance and senescence recorded for approximately
90 d, meaning that for phytomers on the tiller axis below the oldest leaf, the age of each
phytomer could be inferred from its leaf-appearance date. By destructive harvest and
careful separation of individual roots, it was possible to isolate an age-series of roots for
each of the dissected tillers, with roots from successive phytomers one phyllochron older
than roots from the last. In each developmental series, individual phytomers bore variable
numbers of roots (there were 0-6, but typically two roots per phytomer; the sites for root
appearance were not random, but were usually located at 45° and 135° around the circum-
ference, taking the tiller bud at the node as 0°). Two experiments were conducted using
the same hydroponic equipment in the same glasshouse under contrasting conditions of
increasing temperature and day length in spring and decreasing temperature and day
length in autumn. A technique description and some preliminary data from this work
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for the New Zealand ryegrass cultivar Alto, were previously included in a conference
presentation [20], which reported progressive, coordinated root development beginning
with root initiation at or near the senescing leaf, continuing for a time span represented
by approximately seven to nine adjacent phytomers. We subsequently used root mass
data from this experiment, together with assumptions about substrate (photosynthate)
supply and respiration rates, to model the carbon economy of individual roots through
their development cycle [21]. Our model suggested that the shoot C supply was shared
relatively equally between phytomer positions; with the C-costs of maintenance respiration
dominating the C budget of older roots, while smaller young roots had lower maintenance
needs and could invest a greater proportion of C in new growth. Seasonally driven shifts
in plant photosynthesis and C balance were hypothesized to explain root system growth
in spring, and the death of primarily older roots in the autumn. In addition, Matthew
et al. [7,13] have noted that because root production at a phytomer follows after a leaf
has grown and senesced, the rhizochron is expected to conform to the phyllochron a few
leaf appearance intervals earlier, meaning that as the phyllochron changes seasonally with
temperature, the rhizochron:phyllochron ratio will not be constant but will also change
seasonally. This variation in rhizochron:phyllochron ratio, if not neutralized by other
compensatory factors could potentially change C supply to individual roots on a seasonal
basis, with a theoretical increase in supply to individual roots in the root system of spring
tillers and decrease in supply to individual roots in the root system of autumn tillers. In
part this effect could be mediated by comparatively fewer roots being fed per leaf in spring
and comparatively more roots per leaf in autumn. Gathering evidence for this postulated
seasonal shift in C supply to roots would not be straightforward, but a good starting point
would be a measure that integrates effects of plant processes over time, such as mature root
dry weight. Hence, our experiment included this measurement.

In this paper, we report data for the United Kingdom-bred perennial ryegrass cultivar
Aberdart. There were two research objectives: (i) To present descriptive data on root
development over time, including root dry weight (RDW), root axis length (RAL), number
of roots per phytomer (Rp), and a WinRhizo analysis of an age-series of roots to document
the morphological development and branching process from root appearance to around
80 days of age and formulate a synthesis of the root development process. (ii) To compare
data collected in spring and autumn for any evidence of seasonal differences in numbers of
new roots formed per new leaf, and differences in mature root dry weight that might be
attributable to seasonal difference in the rhizochron:phyllochron ratio.

2. Results

An inventory of the data collected, the numbers of plants or roots involved in
each measurement and the analytical procedures employed, appears in Table S1 and
Supplementary Data File S1.

2.1. Plant Environment and Plant Development

In spring, 10-day mean temperature increased from 7.6 °C at the start of the experiment
to 14.7 °C in the final 10 days, while in autumn 10-day mean temperature fell from 21.4 °C
in the first 10 days (with maxima > 30 °C on 6 days) to 16.6 °C in the closing 10 days. The
average phyllochron length was 9.22 and 4.44 d in spring and autumn, respectively. As a
result, spring tillers had on average 10.4 & 0.17 live root bearing phytomers compared with
18.1 £ 0.53 in autumn plants (p < 0.001) of similar age. The leaf elongation rate (LER) rose
with temperature in spring from 1.4 to 2.5 mm °C.d~! over the course of the experiment.
In autumn LER rose with falling temperatures over the first 30 days of the experiment from
2.0 to 2.7 mm °C.d~!, then as temperatures fell further LER decreased to 1.7 mm °C.d ! at
the end of the experiment. Tillers developed to a larger size in the autumn experiment than
in the spring experiment. Leaf dry weight per tiller was more than 3 x higher and number
of live leaves per tiller 1.5-fold higher in autumn tillers than in spring tillers (Table 1, [19]).
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Table 1. Differences in plant shoot development in spring and autumn experiments. Statistical
difference between spring and autumn was tested using one-way ANOVA.

Variables Spring Autumn p Value
Leaf dry weight per tiller (mg) ? 498.1 £27.8 1515 £ 60 <0.01
Number of live leaves per tiller & 8.140.15 12.25 4 0.47 <0.01
Range of leaf elongation rates (mm °C.d ') 14to24 1.7t02.7 <0.01

2 Data represent the average of 30 and 16 dissected individual tillers, respectively in spring and autumn seasons.

2.2. Root Dry Weight, Main Axis Length and Number of Roots per Phytomer

Root dry weight from individual phytomers (RDWp) of spring tillers was less than half
of that in autumn tillers (Table S2, p = 0.006 in repeat measures ANOVA), but this should
be interpreted in conjunction with the more than three-fold greater leaf dry weight per
tiller in autumn (Table 1). However, there being more roots per phytomer in autumn, mean
dry weight of the individual roots (RDWi) of spring and autumn roots averaged across all
phytomers was approximately equal (p = 0.748 in repeat measures ANOVA). The highest
observed RDWi values were reached in both seasons after approximately 50 days of growth.
The mean RDWi for roots of age > 48 days (root age in phyllochron time-scale) in spring was
20.1 £ 1.19 mg, with these roots located at phytomer (Pr) 7-10 considering the youngest leaf
(EL in Figure 1A) as the reference point. By contrast, in autumn, despite shoot size being
much larger than in spring, mean RDWi of roots of age > 48 days was 14.9 & 0.84 mg, with
these roots located at Pr11-16 (p = 0.033 for the phytomer position X season interaction in
repeat measures ANOVA). An analysis with fine roots of diameter classes < 0.1 mm and
0.11-2.0 mm indicated that, compared to autumn roots, old spring roots produced much
greater root length and surface area, and had a greater volume of fine roots (Figure S1).
Root main axis length was 36.9 £ 1.04 cm averaged over 180 observations in spring
and 26.3 £ 1.05 cm averaged over 192 observations in autumn with significant variations
between two seasons (Table S2).

On average, spring Pr bore 1.87 roots, while autumn phytomers bore 2.64 roots per
phytomer (Table S2). Across spring and autumn data sets, the mean number of roots per
phytomer and the mean temperature recorded for the period when root initiation occurred
at that phytomer (Table S2), were significantly correlated (r = 0.532; p = 0.005). Root dry
matter deposition rate declined as roots aged, reaching zero approximately 50 days after
root initiation (Figure 2, Table S2; [21]).

2.3. Ontogeny of Root Morphological Development
2.3.1. Total Length, Surface Area and Volume of Individual Roots

Winrhizo scanning of roots of two plants in each season gave a picture of the onto-
logical development of roots at successive phytomers from the combined effects of rate of
root dry matter deposition and branching. Individual roots with their branches under the
hydroponic growth conditions of this experiment, developed a total length of 500-600 cm,
a total surface area of 35-45 cm?, and a volume of 250-350 mm? (Figure 3A-C), with most
of this growth occurring over the first 25-30 days (i.e., over Pr1—4 in spring and Pr1-6 in
autumn experiments). Individual root volume showed an increasing trend in both seasons
up to a root age of approximately 37 days of age (i.e., Pr5 in spring and Pr8 in autumn) and
the phytomer age effects were confirmed as statistically significant (p = 0.028 for regression
coefficient, Figure 3C).
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Figure 2. Individual root dry weight (RDWi) observed for Aberdart perennial ryegrass at successive root bearing phytomers
in Spring and Autumn experiments. The number of roots per phytomer (Rp) is provided in Table S2. The panel below shows
root age in spring (Sp) and autumn (Au) in days. Data are means for 30 and 16 plants in spring and autumn, respectively,
whose roots were dissected by phytomer position. Vertical bars indicate the standard error of the mean value.

A number of derived measures of root area development linked to branching or
smaller diameter in roots of the same branching order were calculated for these data,
including: mean root diameter (RD, mm; Table S1), number of root tips (Table S1), specific
root length (SRL, cm mg’l), and ratios of length:volume (RL/RV, cm mm~3) and surface
area:volume (RSA/RV, cm? mm—3) (Figure S2). General features of this data are high
variability between individual roots and a general pattern of root area and branching
development (Figure S2) continuing after increase in individual root dry weight, total
length, surface area, and volume had reached their maximum values.

2.3.2. Phases of Root Development

Visual scoring identified tertiary order branching of older roots in spring and some
quaternary order branching of older roots in autumn. Based on development of successive
orders of root branches, four phases of root development were identified, as illustrated
by representative scans (Figure 4): Phase 0, main axis elongation with little branching;
Phase 1, ongoing main axis elongation and root mass deposition with substantial primary
branching; Phase 2, main axis elongation and dry matter deposition rates slowing and
secondary branches appearing; and Phase 3, little or no main axis elongation or dry matter
deposition occurring with tertiary and quaternary branches appearing and evidence of
simultaneous root growth and localized senescence. In spring, substantive first order root
branching was initially observed in roots located at Pr2 and Pr3, approximately 10 days
after root appearance, while secondary and tertiary order root branching was first observed
at Pr4 and Pr6, 20 days and 35 days, respectively, after root appearance (Figure 4). In
autumn, first order lateral branches first appeared in numbers at roots located between
Pr2 and Pr4, from approximately 10 days after root appearance, while secondary order
root branching occurred on roots located between Pr4 and Pr6 around 18 days after root
appearance and tertiary order root branching occurred between Pr6 and Pr8 on roots
around 30 days of age and quaternary root branching occurred on roots aged 50 days or
more (Figure 4).
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Figure 3. Individual root measures at successive root bearing phytomer positions (Pr) for Aberdart perennial ryegrass in
the spring (Sp) and autumn seasons (Au); (A) total root length of individual roots (RLi), (B) root surface area of individual
roots (RSAi) and (C) root volume of individual roots (RVi). The panel below shows root age in spring (Sp) and autumn (Au)
in days. Data are from two plants in each season whose roots dissected by phytomer position were scanned in WinRhizo®
(Regent Instruments Inc., Quebec, Canada). Vertical bars indicate the standard error of the mean value.
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Root statistics

Root age (days) 10 17 . 23 _ 38 . 53
Dry weight (mg) 4.21 18.8 31.0 . 31.6 \ 33.7
Main axis length (cm) 16 22 37 56 49
Total length (cm) 16.9 \ 347 465 528 619
Surface area (cm?) 3.45 37.5 55.9 43.5 V1% 52.8
Volume (mm?) 56 324 535 285 /7] 358
Number of tips 4 54 ) 177 165 21
Mean diameter (mm) 0.34 0.38 R 0.26 0.27

(a) Sprin Pr2, Phase 0 Pr3, Phase 1 Pr4, Phase 2 Pr6, Early phase 3 Pr8, Mature phase 3
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Figure 4. Individual WinRhizo® scanned roots at different phytomer positions (Pr) along with root statistics showing

succession of root development for Aberdart perennial ryegrass in (a) spring and (b) autumn seasons. Root phases were

defined by branching order. Maturity of roots at the late phase 3 was determined by ongoing increase of specific root length

without increasing dry matter deposition. Table S3 compares average values of root traits of Pr3-spring vs. Pr4-autumn and

Pr8-spring vs. Pr12-autumn with statistical significance.

3. Discussion
3.1. Ontogeny of Root Developemnt

Examples of shoot axis observation to recover historic information on plant devel-
opment include studies of Poa pratensis [22], and Carex bigelowii [23]. Matthew and Kem-
ball [12] adapted this technique to dissect an age-series of roots from perennial ryegrass
tiller axes. In this study we have added the innovation of monitoring leaf appearance in
perennial ryegrass tillers under study for a 90-day period prior to destructive harvest. Since
phytomers producing successive leaves initiate roots to become root-bearing phytomers
upon senescence of the leaf they bore, recording the date of death of each leaf allowed the
date of initiation to be inferred for individual roots. In this way we were able to reconstruct
root development curves for the dissected tillers over the 90-day period of leaf observation.

The main features of the root development process indicated by the data from these
experiments were, (i) in both seasons, the main axis elongated after initiation at an average
rate of approximately 1.3 cm d~! with little or no branching in the first 10 days (Phase 0);
(ii) over days 10-25, active main root axis elongation continued with the appearance of
primary and secondary branches (Phases 1 and 2); and (iii) between days 30—40, main axis
elongation ceased and tertiary root branching began to occur (Phase 3). In phase 3, there
was typically continued increase in specific root length and the ratio of RSA:root mass (or
volume), and sometimes appearance of quaternary branches, but no trend of increase in
root mass, volume, or numbers of tips, suggesting simultaneous senescence and ongoing
ramification in different branches of the same roots.
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In younger phytomers, the addition of <1.0 mg dry matter Pr—! d~! allowed the
construction of approximately 50 mm? RSA, not considering the impact of root hairs on
RSA. The rate of dry matter deposition decreased by approximately 50% at Pr3—4 when
first order of branching commenced and further decreased to one-quarter its initial rate
at Pr6-7 when secondary and tertiary order root branching occurred. The decline in dry
matter deposition with root age was shown [21] to be mainly related to increased C costs
of maintenance respiration by larger, older roots, rather than to reduced photosynthetic C
supply, suggested elsewhere [12]. At the older phytomer positions, secondary and tertiary
roots made up a greater fraction of the root system, leading to a reduction in the mean root
diameter and that process is also associated with lower dry matter deposition rate at each
phytomer (DMDp) and C requirement for root construction.

The maximum mean root axis length (RAL) measured in these experiments was 42 cm
(with some individual roots reaching c. 70 cm); however, in some other studies perennial
ryegrass roots can grow to more than 1.0 m in length [24]. Previous data indicated that
growing medium and moisture stress affect root axis length [12,25,26]. The reason for
the shorter RAL in this study is not known but the removal of daughter tillers may be
important as previous studies have demonstrated that daughter tillers can contribute
significantly to the root C budget in several grass species [27,28].

For individual phytomers on the tiller axis, this ontogenetic root development se-
quence captured in these data can be conceptualized as continuous with and paralleling
the leaf development and senescence sequence [29] which is typically of 3-4 phyllochrons
duration in perennial ryegrass. In this study, no case of complete senescence of an indi-
vidual root was recorded within the observation period of just over 80 days. For a tiller
axis harvested from a field sward in spring, one study [30] reported root death about
12 phytomers below root initiation, which would suggest that Phase 3 roots at Pr11 in the
Spring experiment might have been about to undergo senescence. It has been reported that
the survival of individual perennial ryegrass roots ranges from several months up to one
year [9,31,32]. On the other hand, the longevity of lateral root branches may be less than
21 days [33]. These contrasting observations on the longevity of axial roots compared with
their branches are consistent with evidence in the present study suggesting simultaneous
growth and death of finer branches of older roots.

3.2. Hypothesized Seasonal Shift in C Supply to Roots

The basis of the postulated architectural signal resulting in enhanced C-supply to
spring roots compared to autumn roots effectively stems from seasonally driven changes in
the ratio between the rate of new leaf formation and the rate of new root formation. These
shifts are a result of leaf appearance happening earlier in the life of a phytomer, with root
appearance occurring on the same phytomer several weeks later. Thus, changes in the
rate of phytomer development will first manifest in the leaf area, with a lag period before
being mirrored by changes in root initiation. Although not in itself definitive, we observed
on average 11 phytomers with roots initiated over 83 days in spring and 18 phytomers
with roots initiated over 80 days in autumn, a 70% higher potential root appearance rate in
autumn.

In addition, values for number of roots per phytomer were higher in warmer tempera-
tures of autumn, averaging 1.89 and 2.63 in spring and autumn, respectively (Table S1, [3]).
This observation raises a question for further investigation, whether this increase in Rp is a
generic temperature response of perennial ryegrass or grasses in general. If so, there are
interesting ecological implications for seasonality of root-system behaviour. Taking the
data from this experiment, the increased number of Rp in autumn would therefore further
reduce the substrate available to individual roots per phytomer by a ratio of 1.89:2.63, so
enhancing the root growth constraint (compared to spring) of the phyllochron being longer
than the rhizochron in autumn. In this example, the greater number of root bearing phy-
tomers in 90 days in spring than autumn, and the increased number of roots per phytomer
in autumn combine multiplicatively to an expectation of initiated root numbers for the
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observation period being 2.39x greater per tiller in autumn than in spring. Given the
leaf weight and leaf number per tiller in Table 1 we can estimate mean lamina weights
of 61.5 mg in spring and 124.5 mg in autumn, and mean RDWi of 13.1 mg in spring and
12.4 mg in autumn (mean of all Pr of Figure 2), indicating respective root:lamina weight
ratios of 21.3% in spring and 9.9% in autumn, a factor of 2.15x and approximately con-
sistent with the proportional difference in numbers of roots initiated (see Supplementary
Data File S2). The conclusions of these calculations that individual autumn roots tend
to be smaller than individual spring roots are supported by the statistically significant
season X phytomer age interaction, stemming from the comparatively longer primary
branches of younger spring roots, and the heavier final weights of spring than autumn
roots aged greater than 50 days. The results in this case show the numerical effect of
the seasonal shift in rhizochron and phyllochron on number of root bearing phytomers
and an effect on mature root dry weight consistent with increased competition between
individual roots for C supply in autumn compared to spring. Matthew et al. [30] also
found features in field data for new root deposition consistent with seasonal change in
rhizochron:phyllochron ratio, and one corollary for future investigation is that such an
effect would facilitate seasonal specialization of roots, with spring roots tending to pen-
etrate to deeper soil layers to maintain summer moisture supply, while autumn-formed
roots would tend to occupy soil strata nearer the surface, which may be advantageous in
winter when deeper soil layers may become waterlogged and hypoxic. Deeper penetration
of spring-formed roots would be further facilitated by cessation of new root initiation in
dry summer conditions [30,34,35], in this way avoiding diversion of substrate supply to
later-formed young roots and providing for ongoing substrate supply to earlier-formed
roots in drought conditions. In this study, no reproductive tiller was observed in either the
spring or autumn experiment.

3.3. Branching as a Mechanism for Surface Area Development

The root branching process is continuous and the commencement of one branching
order does not require the termination of another. Root branching produces sequentially
finer roots, which greatly reduces construction costs [21]. A linear decrease in dry matter
deposition rate at older phytomers is probably associated with reduced C availability for
growth [12,21]. Root branching may therefore be an adaptive strategy, allowing plants to
reduce construction cost per unit soil explored as roots age and C supply becomes limiting.

During the main root axis elongation phase (Phase 0 in Figure 4) root diameter ranged
between 0.6 to 0.9 mm (Figure 4). These main root axes added around 5 mm? of volume
per day (Figure 4). Although comparatively expensive in terms of dry matter investment,
comparatively greater diameter would provide increased mechanical strength to penetrate
to deeper soil layers, and can accommodate more primary branches, potentially providing
better persistence to grazing and facilitating a more efficient vascular distribution network
to facilitate rapid water flux, connecting to laterals and finer branches [36]. Root thickness
and maximum root length traits have been confirmed to co-locate in quantitative trait locus
studies [37].

Root diameters of the primary branches are 50-33% of those of the main axis. At the
commencement of first order root branching root surface area and root volume exhibit
exponential increases (Figure 4, Table S1). A first order lateral root with 1/ of the root
diameter of its main axis requires only ! /x? times the dry matter to build a unit length
of root and therefore allowing production of x? fold RL at the same construction cost.
A 5-10 times higher RL addition occurred at first order of branching compared to main
axis elongation phase. Another theoretical implication is that when root branches are
of smaller diameter than their parent root is that a greater number of branches can be
accommodated on the parent root, facilitating proliferation. It can be shown that when
the root diameter of primary roots reduced to ! /3 of the main axis then 9x more branch
roots can be accommodated per unit RL of the parent root, so increasing the potential soil
volumes explored or the root density per unit soil volume [38,39].
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These same principles also apply to generation of secondary and tertiary order lateral
roots. The root surface area greatly increases during phase one and two, with presumed
importance in terms of nutrient and water uptake [40]. Secondary root branches generally
originate from the pericycle of the vascular cylinder. The diameter reduction at this phase
was estimated to be approximately 3/, of the primary branches requiring a dry matter
deposition approximately /14 of the primary branches per unit RL increase. Spring plants
produced a greater length, surface area and volume by producing greater finer roots
of <0.1 mm diameter compared to autumn plants and those finer lateral roots largely
contribute to secondary and tertiary lateral branches and thus increase total root surface
area per tiller [38,41-43]. For tertiary lateral roots, given a similar rate of photosynthetic
carbohydrate supply to phase 0, approximately 36-64 times higher RL production is
theoretically possible. Clearly, the continued branching and ramification of older roots
would allow additional surface area in mature roots to be constructed with fine diameter
roots at comparatively low dry matter cost [44], which would be advantageous in conditions
of C-supply constraint.

Quaternary branching was rarely seen in the spring experiment while in the autumn
experiment this level of branching was observed at Pr14 (Figure 4). The roots of quaternary
branches are <0.1 mm diameter in general. The dry matter addition at this phase is
estimated to be very low. It has been observed that root branches can display partial
disintegration, loss of cortical tissue and thus reduced root volume in this phase. If C is
transported from those disintegrating old tissues to generate new finer branches and root
hairs then uptake activity of the roots might be continued. The contribution of root hairs to
RSA was not measured in this study but would be major. For example, in wheat root hairs
were calculated to provide 94.6% of estimated RSA at Pr4 [39].

3.4. Extrapolation of Results to Field Swards

The experiments were necessarily conducted in hydroponic culture to facilitate dissec-
tion of single roots without undue damage, but this raises the question of how the present
results would extrapolate to field swards. Figure 5 (below) depicts the tiller axis of a plant
grown in soil, and the structural organization was considered by the authors to be virtually
identical to that of the hydroponically grown plants. There are few published studies
of single root counts in field swards, but in one New Zealand study [45] minirhizotron
counts of new roots appearing, consistently showed a strong autumn peak in each of five
perennial ryegrass varieties over two seasons, while in two studies counting new nodal
roots appearing at the tiller axis [10,46], a late winter or early spring peak was observed.
Further research could be initiated to determine if these superficially contradictory field
results can be explained by the seasonal differences in root formation identified in the
present study.
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Axillary buds

Tiller axis

N

Pseudostem formed by leaf
sheaths

Root at Pr1l

Roots at Pr2
Root at Pr3 (between Pr2 and Pr4 on
the reverse side of the axis)

Roots at Pr4

Decomposing roots at the
oldest Pr

Figure 5. Axis of a perennial ryegrass tiller showing white younger roots at root bearing phytomers (Pr), Pr1-Pr4 and decay

and decomposition of roots at the oldest Pr. The root bearing phytomers collectively make up the tiller axis.

4. Materials and Methods
4.1. Plant Culture

Lolium perenne plants were grown in a hydroponic culture unit in a glasshouse at the
Plant Growth Unit, Massey University, Palmerston North, New Zealand (latitude 40°19’ S,
longitude 174°46' E, altitude 25 m amsl, Figure S3A,B). Two separate experiments were
conducted. In spring, plants were grown from 1 July 2008 to 28 September 2008 and in
autumn from 3 March 2009 to 31 May 2009 referred to as spring and autumn experiments,
respectively [21]. In both experiments, hourly temperature data inside the glasshouse were
recorded using a micrologger (Model Z, HortPlus.com (13 August 2021)). Summaries of
the temperature data were presented by Robin [19] (Supplementary Data File S3).

To provide populations of plants for each experiment, plants of ten genotypes of
perennial ryegrass cultivar Aberdart were chosen and adult tillers divided out from each
plant to provide three clonal replicates of each genotype for transplanting. Any small
daughter tillers attached to tillers at transplanting were removed. The length of tillers
from pseudostem base to leaf tip at transplanting was 20-25 cm. The transplanted tillers
were grown hydroponically in modified Hoaglands solution [20,39] for 84 days before
commencing destructive harvesting. Leaf elongation rate (LER) in all plants was calculated
as measure of final leaf length (cm) divided by the leaf elongation duration (days), con-
verted to LER in growing degree days (mm °C~! d~!). Harvesting took place over eight
consecutive days. During the growing period only the parent tiller and the two first-formed
daughter tillers were allowed to develop and all other daughter tillers were removed on
appearance (Figure S3C). The hydroponic culture had an aerated recirculating system. The
details of hydroponic culture, composition of nutrient solution and plant management are
described by Robin et al. [20,21].
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4.2. Root Harvest

Three clonal replicates from ten genotypes in spring and two clonal replicates of
eight genotypes in autumn were harvested. Roots from the individual phytomer positions
on the tiller axis were excised in sequence from youngest to oldest using a scalpel and
15x magnification binocular microscope (Figure S3D and Figure 5). Excised roots were
carefully teased apart from the other roots under water and stored as described below for
analysis. The number of root bearing phytomers per tiller, number of roots per phytomer
(Rp) and total number of roots per tiller were recorded at harvest for all plants, and the
length of each root main axis (RAL) was measured in cm for eight plants from eight
genotypes of each cultivar.

4.3. Root Age Determination

The number of phytomers between the youngest leaf position and the first root
appearance at the tiller axis was noted for each tiller (d value in Robin et al. [20]). The
time interval in phyllochrons was noted. The root bearing phytomers were numbered
consecutively beginning with the phytomer with the youngest roots as a reference point
(Prl). The age of the roots at a particular Pr was estimated based on an assumption of
steady state progression of phytomers on the tiller axis from leaf to root production [11].
That is, the root at Pr1 was assumed to be the same age as the youngest leaf. The age of
roots at successive phytomers below Prl was estimated by adding the phyllochron for the
leaf observed earlier in the experiment at that particular phytomer, to the age of the root at
the phytomer above.

4.4. Root Measurements

A total of 571 individual roots were isolated from 301 phytomers from 30 tillers in
spring and 766 individual roots from 288 phytomers from 16 tillers in autumn. Scanning
all roots for detailed morphological data using WinRHIZO® was not feasible due to time
constraints. Consequently, root dry weights were recorded for all harvested roots, and
scanned images were made of subsets of roots. Two randomly selected plants of two
different genotypes for each cultivar in each season were scanned as described below.

4.5. Root Preservation and Processing

In the autumn experiment, roots selected for scanning and WinRHIZO® analysis were
preserved in 70% ethanol. Remaining roots were dried in a forced air draft oven at 60 °C for
two days, and the root dry weights from individual phytomers (RDW,,) were determined.
Roots from the spring experiment were preserved in 70% ethanol and stored until the
samples could be processed.

4.6. Root Scanning Using WinRHIZO® Software

In spring, roots from all phytomers and in autumn, the roots from even-numbered
phytomers of the two selected plants were scanned (Figure S3E). A total of 37 roots from
22 phytomers were scanned in spring and 22 roots from 16 phytomers in autumn at the
AgResearch, Ruakura Research Centre in Hamilton, New Zealand using WinRHIZO®
software (Regent Instruments Inc., Quebec, Canada). Individual roots were placed in a
clear acrylic tray and spread out using a needle so there were no overlapping roots. The
roots were scanned on a flatbed scanner (STD1600+, Regent Instruments Inc., Quebec, QC,
Canada) at 210 dpi resolution. Values for root length (RL, cm) which included main axis
and branches, surface area (RSA, cm?), volume (RV, cm?), and mean diameter (RD, mm)
were obtained. A set of old roots from both spring and autumn grown plants were also
scanned to investigate the behaviour of fine root statistics. The total number of tips for
individual roots (RT;) was counted using Videopro 32® software (Leading Edge Pty Ltd.,
Adelaide, SA 5042, Australia).
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4.7. Root Data Derivation
4.7.1. Root Dry Weight Correction

The roots kept in ethanol for scanning were rinsed in water and oven dried at 60 °C for
48 h. Dry weights were corrected by for an assumed 22.4% weight loss of alcohol soluble
sugars during storage [47].

4.7.2. Root Dry Weight of the Individual Roots (RDWi)

Root dry weights were recorded for the individual phytomers (RDWp). From those
data the mean dry weight of the individual roots (RDWi) was obtained as RDWp divided
by number of roots per phytomer (Rp).

4.7.3. Dry Matter Deposition Rate at Each Phytomer

DMDp (mg Pr~! d~!) was estimated from the difference in root dry weight between
that Pr and successively older Pr, assuming the age difference of roots at the successive
phytomers was equal to the phyllochron at that Pr.

4.7 4. Specific Root Length, Surface Area, and Volume

The specific root length (SRL, cm mg 1), specific root surface area (SRSA, cm? mg ')
and specific root volume (SRV, mm? mg’l) of the scanned roots were calculated as the
ratio between the respective individual root data for each trait and dry weights for those
particular individual roots (RDWi) at the different phytomer positions.

4.8. Visual Scoring for the Root Branching Orders

The order of root branching (primary, secondary, tertiary, etc.) at the different phy-
tomers in succession moving down the tiller axis was scored by visual assessment of the
root images. To obtain a branching score-sheet for all scanned roots, phytomer positions
were numbered from Prl to Pr 'n’ (where n is the oldest phytomer) on the X-axis and the
order of root branching was scored on the Y-axis.

4.9. Root Length:Volume and Surface Area:Volume Ratios

As a measure of the extent to which branching and associated mean diameter reduction
in older roots enabled greater soil exploration and absorptive area per unit of RDW, the
ratios RL:RV and RSA:RV were derived. Dimension corrections of these ratios often used in
plant allometry to separate effects of size and shape were not adopted in this study because
grass roots at each successive branching order were considered to be cylindrical in form
and of uniform diameter along their length.

4.10. Statistical Analysis

Data were analysed using the ‘repeat measures’ procedure in SAS version 9.4 (SAS
Institute, Cary, NC, USA) Proc GLM [48,49] to test for season, phytomer position and
season X phytomer position interactions. Data for different phytomer positions on the
same tiller axis were treated as repeat measures. For repeat measures analysis spring and
autumn data were aged matched by averaging autumn data for two or three adjacent
autumn phytomers where relevant to produce a mean value for a root of the same age as
the corresponding spring root. Where data properties indicated, data were log-transformed
(Table S1, Figure S2).

To test the effect of season, genotypes within season and phytomer positions within
season a user-defined ANOVA model was applied (see Table S2). To test the effect of season,
genotypes within season was used as an error term, and to test the effect of genotype and
phytomer position, clonal replicates within genotype and season was used as the error term.
A one-way ANOVA was performed to test statistical significance between two phytomers
of similar age (see Table S3) and also fine roots of individual old roots from two seasons
(see Figure S1).



Plants 2021, 10, 1677

14 of 17

A Pearson correlation analysis was conducted between roots per node and mean
temperature for the period when root initiation occurred at that phytomer. A linear
regression coefficient between root volume and root age up to 37 days was obtained.

5. Conclusions

In conclusion, the data presented here have characterized perennial ryegrass root
development over time in spring (with increasing day-length and temperature) and autumn
(with decreasing day-length and temperature) using a phyllochron time scale. Surprisingly,
while such data for leaf development at successive phytomer positions on the tiller axis
have been available for over 40 years (e.g., Davies [50]) the corresponding root data have
been unavailable. Producing those data here has been possible with a novel technique
of recording leaf appearance events over several months in order to infer the date when
individual phytomers on the tiller axis would have initiated their roots, and growing plants
in hydroponic culture to facilitate dissection of individual roots from the bulk root mass.
The present study splits root development into four phases based on branching order.
Unbranched, rapidly elongating main axes (phase 0) were observed at phytomer positions
1 and 2, primary branching (phase 1) occurred at positions 3 and 4, secondary branching
(phase 2) followed at positions 5 and 6 and then tertiary branching (phase three). Rapid
development of root length and surface area occurred during phases 1 and 2 as branching
began and progressed. Maximum root dry weight was attained after 7 phyllochrons (50 d)
in spring and 6 phyllochrons (30 d) in autumn (Figure 2). Thereafter, as roots matured
in phase 3, there was little increase in root length or root area (Figure 4A,B), but ongoing
increase in root statistics such as specific root length or area:volume ratio (Figure S2A,B),
from which we infer ongoing proliferation of fine branches with concurrent senescence.
Strong seasonal and phytomer age effects and a season x phytomer age interaction were
found, with spring plants having fewer root-bearing phytomers, but achieving larger
maximum root masses. This insight will provide concepts and base data for realistic
mechanistic modelling of grass root system behaviour and further investigation of the
ecological and functional implications of the differing behaviours of spring and autumn
roots.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/plants10081677/s1, Table S1. Analysis of variance of root variables following general linear
model to show seasonal and phytomer position within season variations in individual roots measures.
RDW;, root dry weight of individual roots; RL;, RSA; and RV;—WinRhizo root length, surface area,
and volume of the individual scanned roots; SRL, specific root length (cm mg~!); RT;, number of root
tips per root; RD, root diameter; df, degrees of freedom; MS, mean squares. Table S2. Root measures
at the successively more developed and older phytomer positions (Pr) on the tiller axis in spring and
autumn seasons as indicated by number of roots per phytomer (Rp), root dry weight per phytomer
(RDWp), dry matter deposition rate (mg Pr—1 d—1), main root axis length (RAL), mean root diameter
(RD), and number of root tips per root (RTi). SE, standard error of mean, when presented as percent
is for log transformed data. Table S3. Measures of individual roots of the scanned roots of similar age
during primary root branching (Phase 1) and tertiary root branching (Phase 3) in spring and autumn
grown perennial ryegrass plants. Each data represents average + SE of two scanned roots at each
root bearing phytomer (Pr) position. Bold fonts represent statistically significant variation between
spring versus autumn roots (p < 0.05)!. Figure S1. Variation in root length, surface area and volume
of fine roots in old roots of >48 days with diameter <0.1 mm and <0.11-0.2 mm diameter between
spring and autumn seasons. L, length; SA, surface area and V, volume. Figure S2. Specific root
length (A, SRL, cm mgfl), ratio between root length and volume (B), surface area and volume (C) of
Aberdart perennial ryegrass cultivars in spring and autumn experiments. Dotted fitted lines indicate
quadratic curves. Vertical bars indicate standard error of mean. Two-way analysis of variance was
conducted to test season and phytomer with season interaction for the repeat measures. Figure S3.
Experimentation and data collection with perennial ryegrass in hydronic plant culture unit. (A)
experimental set-up in hydroponic culture, (B) plants ready for destructive harvest, (C) a single plant
before dissecting roots from the tiller axis, (D) dissected roots from a single plant, and (E) scanning
roots using WinRhizo software. Supplementary Data File S1. Data for root dry weight, root axis
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length and morphological traits of lateral roots obtained through root scanning, Supplementary Data
Files S2. Calculation for seasonal difference in the rhizochron:phyllochron ratio, Supplementary Data
File S3. Daily maximum and minimum temperatures, degree days, sunshine hours in New Zealand
during spring and autumn experiments.

Author Contributions: Conceptualization, C.M. and A.H.K.R.; methodology, A.HK.R. and C.M,;
investigation, A.HK.R.; data curation, A.H.K.R. and C.M.; writing—original draft preparation;
writing—review and editing, L.J.I,, EA.L.,, CM., H.S,, and J.C.; supervision, C.M. and J.C.; project
administration C.M.; funding acquisition, C.M. and L.]J.I. All authors have read and agreed to the
published version of the manuscript.

Funding: Doctoral research of AHKR was supported by Massey University Vice-Chancellor’s Doc-
toral Scholarship and study leave from Bangladesh Agricultural University. A financial grant from
the T R Ellett Agricultural Research Trust during preparation of this manuscript is gratefully ac-
knowledged.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: All data included as Supplementary Materials.

Acknowledgments: We thank Steven Ray, Lindsay Silva, and Lesley Taylor for their assistance with
plant culture, Scott Avery and Shahjahan Kabir for their help in isolating roots and Lily Ouyang for
her guidance with root scanning.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.
12.

13.

14.

15.

Jewiss, O.R. Morphological and physiological aspects of growth of grasses during the vegetative phase. In The Growth of Cereals
and Grasses, Proceedings of the Twelfth Easter School in Agricultural Science University of Nottingham, Butterworths, London, UK, 1
January 1966; Milthorpe, EL., Ivins, ].D., Eds.; Butterworths: London, UK, 1966; p. 39.

Silsbury, ].H. Leaf growth in pasture grasses. Trop. Grassl. 1970, 4, 17-39.

Yang, ].Z.; Matthew, C.; Rowland, R.E. Tiller axis observations for perennial ryegrass (Lolium perenne) and tall rescue (Festuca
arundinacea): Number of active phytomers, probability of tiller appearance, and frequency of root appearance per phytomer for
three cutting heights. N. Z. J. Agric. Res. 1988, 41, 11-18. [CrossRef]

Skinner, R.H.; Nelson, C.J. Epidermal Cell Division and the Coordination of Leaf and Tiller Development. Ann. Bot. 1994, 74,
9-16. [CrossRef] [PubMed]

Durand, J.-L.; Schéufele, R.; Gastal, F. Grass Leaf Elongation Rate as a Function of Developmental Stage and Temperature:
Morphological Analysis and Modelling. Ann. Bot. 1999, 83, 577-588. [CrossRef]

Fournier, C.; Durand, ].L.; Ljutovac, S.; Schdufele, R.; Gastal, F.; Andrieu, B. A functional-structural model of elongation of the
grass leaf and its relationships with the phyllochron. New Phytol. 2005, 166, 881-894. [CrossRef]

Matthew, C.; Van Loo, E.N.; Thom, E.R.; Dawson, L.A.; Care, D.A. Understanding shoot and root development. In Proceedings of
the XIX International Grassland Congress, Piracicaba, Brazil, 11-21 February 2001; pp. 19-27.

Weaver, ].E.; Zink, E. Length of Life of Roots of Ten Species of Perennial Range and Pasture Grasses. Plant Physiol. 1946, 21,
201-217. [CrossRef] [PubMed]

Jacques, W.A_; Schwass, R.H. Root development in some common N. Z. pasture plants VIL. Seasonal root replacement in perennial
ryegrass (Lolium perenne), Italian ryegrass (L. multiforum), and tall fescue (Festuca arundinaceae). N. Z. |. Sci. Technol. 1956, 37A,
569-583.

Caradus, ].R.; Evans, P.S. Seasonal root formation of white clover, ryegrass, and cocksfoot in New Zealand. N. Z. ]. Agric. Res.
1977, 20, 337-342. [CrossRef]

Klepper, B.; Belford, R.K.; Rickman, R.W. Root and Shoot Development in Winter Wheat 1. Agron. |. 1984, 76, 117-122. [CrossRef]
Matthew, C.; Kemball, W.D. Allocation of carbon-14 to roots of different ages in perennial ryegrass (Lolium perenne L.). In
Proceedings of the XVIII International Grassland Congress, Saskatoon, SK, Canada, 8-17 June 1997; Association Management
Centre: Calgary, AB, Canada, 1997; Volume 7, pp. 1-2.

Matthew, C.; Yang, ].Z.; Potter, J.F. Determination of tiller and root appearance in perennial ryegrass (Lolium perenne) swards by
observation of the tiller axis, and potential application in mechanistic modelling. N. Z. J. Agric. Res. 1998, 41, 1-10. [CrossRef]
Matthew, C.; Xia, J.; Chu, A.; Mackay, A.; Hodgson, J. Relationship between Root Production and Tiller Appearance Rates in
Perennial Ryegrass (Lolium perenne L.). In Plant Root Growth, an Ecological Perspective, British Ecological Society Special Publication;
Atkinson, D., Ed.; Balckwell Scientific Publications: London, UK, 1991; pp. 281-290.

Cheng, W.; Coleman, D.C.; Box, ]J.E., Jr. Measuring root turnover using the minirhizotron technique. Agric. Ecosyst. Environ. 1991,
34,261-267. [CrossRef]


http://doi.org/10.1080/00288233.1998.9513283
http://doi.org/10.1006/anbo.1994.1088
http://www.ncbi.nlm.nih.gov/pubmed/19700457
http://doi.org/10.1006/anbo.1999.0864
http://doi.org/10.1111/j.1469-8137.2005.01371.x
http://doi.org/10.1104/pp.21.2.201
http://www.ncbi.nlm.nih.gov/pubmed/16654037
http://doi.org/10.1080/00288233.1977.10427344
http://doi.org/10.2134/agronj1984.00021962007600010029x
http://doi.org/10.1080/00288233.1998.9513282
http://doi.org/10.1016/0167-8809(91)90113-C

Plants 2021, 10, 1677 16 of 17

16.

17.

18.

19.

20.

21.

22.
23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Majdi, H. Root sampling methods—Applications and limitations of the minirhizotron technique. Plant Soil 1996, 185, 255-258.
[CrossRef]

Johnson, M.; Tingey, D.; Phillips, D.; Storm, M. Advancing fine root research with minirhizotrons. Environ. Exp. Bot. 2001, 45,
263-289. [CrossRef]

Bennie, A.; Taylor, H.; Georgen, P. An assessment of the core-break method for estimating rooting density of different crops in the
field. Soil Tillage Res. 1987, 9, 347-353. [CrossRef]

Robin, A.H.K. Segmental Morphology of Perennial Ryegrass (Lolium perenne L.): A Study of Functional Implications of Plant
Architecture. Ph.D. Thesis, Massey University, Palmerston North, New Zealand, 2011; p. 262.

Robin, A.H.K.; Matthew, C.; Crush, J. Time course of root initiation and development in perennial ryegrass—A new perspective.
Proc. N. Z. Grassl. Assoc. 2010, 2010. 72, 233-239.

Robin, A.H.K,; Irving, L.J.; Khaembah, E.N.; Matthew, C. Modelling Carbon Fluxes as an Aid to Understanding Perennial
Ryegrass (Lolium perenne) Root Dynamics. Agronomy 2018, 8, 236. [CrossRef]

Etter, A.G. How Kentucky Bluegrass Grows. Ann. Mo. Bot. Gard. 1951, 38, 293. [CrossRef]

Callaghan, T.V. Growth and Population Dynamics of Carex Bigelowii in an Alpine Environment. Strategies of Growth and
Population Dynamics of Tundra Plants 3. Oikos 1976, 27, 402. [CrossRef]

Evans, P.S. Plant root distribution and water use patterns of some pasture and crop species. N. Z. |. Agric. Res. 1978, 21, 261-265.
[CrossRef]

Crush, J.R.; Easton, H.S.; Waller, ].E.; Hume, D.; Faville, M. Genotypic variation in patterns of root distribution, nitrate interception
and response to moisture stress of a perennial ryegrass (Lolium perenne L.) mapping population. Grass Forage Sci. 2007, 62, 265-273.
[CrossRef]

Wedderburn, M.; Crush, J.; Pengelly, W.; Walcroft, J. Root growth patterns of perennial ryegrasses under well-watered and
drought conditions. N. Z. J. Agric. Res. 2010, 53, 377-388. [CrossRef]

Carvalho, D.; Irving, L.; Carnevalli, R.; Hodgson, ]J.; Matthew, C. Distribution of current photosynthate in two Guinea grass
(Panicum maximum Jacq.) cultivars. J. Exp. Bot. 2006, 57, 2015-2024. [CrossRef]

Irving, L.; Scheneiter, O.; Fischer Sbrissia, A.; Matthew, C. Destino de asimilatos de macollos jovenes en gramineas templadas.
Rev. Argent. Prod. Anim. 2009, 29, 467-468.

Fulkerson, W.].; Donaghy, D.J. Plant-soluble carbohydrate reserves and senescence-key criteria for developing an effective grazing
management system for ryegrass-based pastures: A review. Aust. . Exp. Agric. 2001, 41, 261-275. [CrossRef]

Matthew, C.; Mackay, A.D.; Robin, A.H.K. Do Phytomer Turnover Models of Plant Morphology Describe Perennial Ryegrass
Root Data from Field Swards? Agriculture 2016, 6, 28. [CrossRef]

Garwood, E.A. Seasonal variation in appearance and growth of grass roots. Grass Forage Sci. 1967, 22, 121-130. [CrossRef]
Troughton, A. Length of life of grass roots. Grass Forage Sci. 1981, 36, 117-120. [CrossRef]

Watson, C.A.; Ross, ].M.; Bagnaresi, U.; Minotta, G.E; Roffi, F.; Black, K.E.; Hooker, J.E.; Atkinson, D. Environment-induced
Modifications to Root Longevity in Lolium perenne and Trifolium repens. Ann. Bot. 2000, 85, 397—-401. [CrossRef]

Troughton, A. Studies on the roots and storage organs of herbage plants. Grass Forage Sci. 1951, 6, 197-206. [CrossRef]

Tozer, K.N.; Carswell, K.; Griffiths, WM.; Crush, J.R.; Cameron, C.A.; Chapman, D.F; King, W. Growth responses of diploid and
tetraploid perennial ryegrass (Lolium perenne) to soil-moisture deficit, defoliation and a root-feeding inverte-brate. Crop Pasture
Sci. 2017, 68, 632-642. [CrossRef]

Crush, J.R; Ouyang, L.; Eerens, ].P].; Stewart, A.V. The growth of roots of perennial, Italian, hybrid and annual ryegrasses
through a high-strength root medium. Grass Forage Sci. 2002, 57, 322-328. [CrossRef]

Yadav, R.; Courtois, B.; Huang, N.; McLaren, G. Mapping genes controlling root morphology and root distribution in a doubled-
haploid population of rice. Theor. Appl. Genet. 1997, 94, 619—-632. [CrossRef]

Robin, A.H.K.; Saha, P.S. Morphology of lateral roots of twelve rice cultivars of Bangladesh: Dimension increase and di-ameter
reduction in progressive root branching at the vegetative stage. Plant Root 2015, 9, 34—42. [CrossRef]

Robin, A.H.K.; Matthew, C.; Uddin, J.; Bayazid, K.N. Salinity-induced reduction in root surface area and changes in major root
and shoot traits at the phytomer level in wheat. J. Exp. Bot. 2016, 67, 3719-3729. [CrossRef] [PubMed]

Boot, R.G.A. The Significance of size And Morphology of Root Systems for Nutrient Acquisition and Competition: Causes and Consequences
of Variation in Growth rate and Productivity of Higher Plants; SPB Academic Publishing: The Hague, The Netherlands, 1989; pp.
299-311.

Arif, M.R; Islam, M.T.; Robin, A.H.K. Salinity Stress Alters Root Morphology and Root Hair Traits in Brassica napus. Plants 2019,
8,192. [CrossRef]

Hannan, A.; Hassan, L.; Hoque, N.; Arif, T.-U.; Robin, A.H.K. Increasing New Root Length Reflects Survival Mechanism of Rice
(Oryza sativa L.) Genotypes under PEG-Induced Osmotic Stress. Plant Breed. Biotechnol. 2020, 8, 46-57. [CrossRef]

Robin, A.; Ghosh, S.; Shahed, A. PEG-Induced Osmotic Stress Alters Root Morphology and Root Hair Traits in Wheat Genotypes.
Plants 2021, 10, 1042. [CrossRef]

Rohm, M.; Werner, D. Isolation of root hairs from seedlings of Pisum sativum. Identification of root hair specific proteins by in
situ labeling. Physiol. Plant. 1987, 69, 129-136. [CrossRef]

Reid, J.B.; Crush, J.R. Root turnover in pasture species: Perennial ryegrass (Lolium perenne L.). Crop. Pasture Sci. 2013, 64, 165-177.
[CrossRef]


http://doi.org/10.1007/BF02257530
http://doi.org/10.1016/S0098-8472(01)00077-6
http://doi.org/10.1016/0167-1987(87)90059-6
http://doi.org/10.3390/agronomy8110236
http://doi.org/10.2307/2394639
http://doi.org/10.2307/3543459
http://doi.org/10.1080/00288233.1978.10427408
http://doi.org/10.1111/j.1365-2494.2007.00583.x
http://doi.org/10.1080/00288233.2010.514927
http://doi.org/10.1093/jxb/erj152
http://doi.org/10.1071/EA00062
http://doi.org/10.3390/agriculture6030028
http://doi.org/10.1111/j.1365-2494.1967.tb00514.x
http://doi.org/10.1111/j.1365-2494.1981.tb01547.x
http://doi.org/10.1006/anbo.1999.1048
http://doi.org/10.1111/j.1365-2494.1951.tb00930.x
http://doi.org/10.1071/CP17154
http://doi.org/10.1046/j.1365-2494.2002.00332.x
http://doi.org/10.1007/s001220050459
http://doi.org/10.3117/plantroot.9.34
http://doi.org/10.1093/jxb/erw064
http://www.ncbi.nlm.nih.gov/pubmed/26951370
http://doi.org/10.3390/plants8070192
http://doi.org/10.9787/PBB.2020.8.1.46
http://doi.org/10.3390/plants10061042
http://doi.org/10.1111/j.1399-3054.1987.tb01955.x
http://doi.org/10.1071/CP13079

Plants 2021, 10, 1677 17 of 17

46.

47.

48.

49.

50.

Hume, D.E.; Brock, J.L. Morphology of tall fescue (Festuca arundinacea) and perennial ryegrass (Lolium perenne) plants in pastures
under sheep and cattle grazing. J. Agric. Sci. 1997, 129, 19-31. [CrossRef]

Crush, J.; Ouyang, L.; Nichols, S. Loss of weight in ryegrass and clover roots preserved in ethanol prior to image analysis for root
traits. Acta Physiol. Plant. 2009, 32, 605-606. [CrossRef]

Littell, R.C.; Henry, PR.; Ammerman, C.B. Statistical analysis of repeated measures data using SAS procedures. . Anim. Sci. 1998,
76,1216-1231. [CrossRef] [PubMed]

Jin, Y.; Hein, M.].; Deddens, J.A.; Hines, C.J. Analysis of Lognormally Distributed Exposure Data with Repeated Measures and
Values below the Limit of Detection Using SAS. Ann. Occup. Hyg. 2010, 55, 97-112. [CrossRef] [PubMed]

Davies, A. Structure of the grass sward. In Irish Grassland Association and Animal Production and An Foras Taluntais, Proceedings of
the International Meeting on Animal Production from Temperate Grassland, Dublin, Ireland, 5-12 June 1977; Gilsenan, B., Ed.; Irish
Grassland and Animal Production Association: Dublin, Ireland, 1977; pp. 36—44.


http://doi.org/10.1017/S0021859697004401
http://doi.org/10.1007/s11738-009-0435-8
http://doi.org/10.2527/1998.7641216x
http://www.ncbi.nlm.nih.gov/pubmed/9581947
http://doi.org/10.1093/annhyg/meq061
http://www.ncbi.nlm.nih.gov/pubmed/21177260

	Introduction 
	Results 
	Plant Environment and Plant Development 
	Root Dry Weight, Main Axis Length and Number of Roots per Phytomer 
	Ontogeny of Root Morphological Development 
	Total Length, Surface Area and Volume of Individual Roots 
	Phases of Root Development 


	Discussion 
	Ontogeny of Root Developemnt 
	Hypothesized Seasonal Shift in C Supply to Roots 
	Branching as a Mechanism for Surface Area Development 
	Extrapolation of Results to Field Swards 

	Materials and Methods 
	Plant Culture 
	Root Harvest 
	Root Age Determination 
	Root Measurements 
	Root Preservation and Processing 
	Root Scanning Using WinRHIZO® Software 
	Root Data Derivation 
	Root Dry Weight Correction 
	Root Dry Weight of the Individual Roots (RDWi) 
	Dry Matter Deposition Rate at Each Phytomer 
	Specific Root Length, Surface Area, and Volume 

	Visual Scoring for the Root Branching Orders 
	Root Length:Volume and Surface Area:Volume Ratios 
	Statistical Analysis 

	Conclusions 
	References

