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Integrated metabolomics and transcriptomics of Medicago truncatula seedling border cells and root tips revealed substantial
metabolic differences between these distinct and spatially segregated root regions. Large differential increases in oxylipin-pathway
lipoxygenases and auxin-responsive transcript levels in border cells corresponded to differences in phytohormone and volatile
levels compared with adjacent root tips. Morphological examinations of border cells revealed the presence of significant starch
deposits that serve as critical energy and carbon reserves, as documented through increased B-amylase transcript levels and
associated starch hydrolysis metabolites. A substantial proportion of primary metabolism transcripts were decreased in border
cells, while many flavonoid- and triterpenoid-related metabolite and transcript levels were increased dramatically. The cumulative
data provide compounding evidence that primary and secondary metabolism are differentially programmed in border cells
relative to root tips. Metabolic resources normally destined for growth and development are redirected toward elevated
accumulation of specialized metabolites in border cells, resulting in constitutively elevated defense and signaling compounds
needed to protect the delicate root cap and signal motile rhizobia required for symbiotic nitrogen fixation. Elevated levels of 7,4'-
dihydroxyflavone were further increased in border cells of roots exposed to cotton root rot (Phymatotrichopsis omnivora), and the
value of 7,4’-dihydroxyflavone as an antimicrobial compound was demonstrated using in vitro growth inhibition assays. The
cumulative and pathway-specific data provide key insights into the metabolic programming of border cells that strongly
implicate a more prominent mechanistic role for border cells in plant-microbe signaling, defense, and interactions than

envisioned previously.

The plant root tip includes the apical meristem and
root cap initials, which are progenitor cells to all new
growth in the root. Root cell division and elongation
originate in the apical meristem and proceed toward
the mature root. Root cap growth begins in the root
cap initials and continues to the root apex. Damage or
destruction of the root tip can reduce growth or kill a
plant. Fortunately, the root tip in most plants is not left
unguarded or defenseless. The root cap of many spe-
cies produces thousands of differentiated cells that
separate from the root but remain appressed to it in a
water-soluble polysaccharide matrix, or mucilage, until
released by exposure to water. These cells are termed
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border cells because they form a boundary between
the root and the rhizosphere, and they are defined as
the cells that disperse into suspension when root tips
are placed in water (Hawes et al., 2000).

Border cells are more than by-products of root cap
growth, and they provide a biotic boundary funda-
mental in rhizosphere modifications. For example,
cocultivation of oat (Avena sativa) border cells with
micromolar levels of aluminum resulted in increased
border cell and mucilage production in a dose-dependent
manner (Miyasaka and Hawes, 2001). In addition, border
cells serve key roles in plant defense and plant-symbiont
interactions. They attract and immobilize nematodes
(Hawes et al., 2000), orchestrate interactions with both
mutualistic fungi (Kosuta et al., 2003; Nagahashi and
Douds, 2004) and pathogenic fungi (Hawes et al., 2000;
Gunawardena and Hawes, 2002; Woo et al.,, 2004;
Gunawardena et al., 2005), and bind and repel bacteria
(Hawes et al., 2000).

The production of border cells appears to be tightly
regulated, but little is known about this process (Brigham
et al., 1998; Hawes et al., 2000). Once a full complement
of border cells is produced, root cap cell division ceases
and border cells remain tightly appressed to the root tip
until exposed to water (Hawes et al., 2000). When border
cells are removed from the root, cell division in the root
cap initials resumes within 5 min, remains high for 2 h,
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and a complete complement of new border cells is pro-
duced within 24 h, maintaining a species-specific num-
ber of border cells (Hawes et al., 2003). Border cells are a
determinate cell type that serve several functions during
their journey from meristem through columella and on
to peripheral cells (i.e. gravity sensing and mucilage se-
cretion), before arriving at the outer layer of the root.
Border cells undergo an increase in metabolic activity
after release from the root cap, resulting in the produc-
tion of specific metabolites and the secretion of mucilage
and proteins into the rhizosphere (Hawes et al., 2000;
Wen et al., 2007).

Two landmark publications that characterized root
development in Arabidopsis (Arabidopsis thaliana) were
based on comparisons of anatomically distinct cell types
over a developmental time series using microarray gene
expression data (Birnbaum et al., 2003; Brady et al., 2007).
These studies provided a model for understanding root
architecture and its relationship to root development in
both space and time. A more recent study demonstrated
the involvement of programmed cell death of Arabi-
dopsis lateral root cap cells in the maintenance of root
cap size (Fendrych et al., 2014). However, none of these
studies addressed the biochemistry of border cells, the
role of border cells in root physiology, or the signals
produced by these specialized and spatially resolved
cells, because Arabidopsis roots do not produce border
cells but instead produce a few border-like cells in
plants older than 5 d (Vicré et al., 2005; Driouich et al.,
2007). In contrast, legume roots produce numerous
border cells that are viable even after release from the
root (Hawes et al., 1998).

Legume root biology is fundamentally important to
agriculture, in part because legumes form symbiotic
relationships with both mycorrhizal fungi and nod-
ulating soil bacteria that are beneficial to plant growth
and yield. Legumes also synthesize numerous natural
products critical in plant defense, development, and
nutrition, including flavonoids, isoflavonoids, lignin,
and saponins (Dixon and Sumner, 2003). Information
about the spatial localization and biosynthesis of these
natural products in roots is sparse, and much of the
present knowledge of root secondary metabolism comes
from work done in the model legume Medicago truncatula
(Achnine et al., 2005; Schliemann et al., 2008). In addi-
tion, genetic, genomic, and biochemical resources are
available for M. truncatula, including a genome sequence
(Young et al., 2005, 2011), high-density microarray chip
sets (Stacey et al., 2006), and a gene expression atlas for
many organs, including specific root tissues (Benedito
et al., 2008). These resources support M. truncatula as an
ideal model to investigate the basal capacity of border
cells and their ability to respond metabolically to envi-
ronmental stimuli.

This study integrated metabolic, transcriptional,
and morphological analyses of anatomically distinct
M. truncatula seedling root tissues to better characterize
the spatial distribution of metabolism in legume roots.
Cumulative and pathway-specific data provided com-
pounding evidence that border cells are metabolically
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differentiated relative to root tips. Border cells possess
a pronounced enhancement in secondary metabolism
that suggests a prominent biochemical role for these
unique cells in defense, plant-microbe signaling, and
rhizosphere transformation. The high constitutive level
of 7,4’-dihydroxyflavone (DHF) and its subsequent
increase in border cells exposed to cotton root rot
(Phymatotrichopsis omnivora) are reported as examples
of the roles of border cells in root defense.

RESULTS
Microscopy

A polysaccharide matrix surrounds and adheres bor-
der cells to the tip of M. truncatula seedling roots (Fig.
1A; Supplemental Fig. S1A). Gentle agitation in or con-
tact with water solubilizes the matrix and frees border
cells from the root (Fig. 1B; Supplemental Figs. S1, B and
C, and S2). M. truncatula border cells (used throughout
to mean border cells with their associated mucilage)
can be reproducibly harvested with over 95% viability,
as determined using fluorescein diacetate viability
staining (Supplemental Fig. S1, D-F) and cell counting.
The number of M. truncatula seedling border cells was
counted and determined to be approximately 1,700 to
2,000 per root, comparable to the numbers reported for
alfalfa (Medicago sativa) seedling roots (Woo et al., 2004).
Many M. truncatula border cells have an elongated ap-
pearance and thick cell walls, similar to other species
(Hamamoto et al., 2006), and large iodine-stained starch
bodies were clearly visible in numerous detached bor-
der cells (Fig. 1C; Supplemental Fig. S3, A and B). The
relative amount of starch in border cells was lower than
in most other root tip cell types, especially the columella
cells (compare Supplemental Fig. S3, C and D, with Fig. 1,
C and D, and Supplemental Fig. S3, A and B; Blancaflor
et al., 1998; Barlow, 2003), but substantially higher than
that observed in the elongation and mature root zones
(Supplemental Fig. 54).

Gene Expression Analysis

RNA was isolated from root tissues of 3-d-old pooled
seedlings and used for the microarray gene expression
comparisons of border cells with that of root tips lack-
ing border cells and whole roots. Root tip is used in the
remainder of this article to describe the terminal 2 to
4 mm of the root minus border cells, whole roots refers
to unaltered roots containing border cells, and border
cells were defined above. Three biological replicates were
analyzed using the Affymetrix M. truncatula genome
array as described by Benedito et al. (2008), a selection
threshold of 2 for transcript ratios, and a Bonferroni
correction P value threshold of 8.15954E-07. The raw
expression data were analyzed, and each transcript was
assigned an absolute expression level and a present or
absent call based on the signal-to-noise ratio. Approxi-
mately 50% of the plant probe sets from the M. truncatula
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GeneChip array produced present calls when hybridized
with biotin-labeled copy RNA from the three sample
types, similar to previously reported hybridization
percentages for M. truncatula (Holmes et al., 2008). Fol-
lowing normalization, 1,995 transcripts were identified
as statistically increased and 4,519 as decreased in
border cells when compared with whole seedling roots
(Supplemental Table S1). Changes at the transcript level
between border cells and root tip samples were more
pronounced, with 5,140 transcripts higher and 7,084
transcripts lower in border cells when compared with
root tips (Supplemental Table S1). The full data set has
been deposited in the Array Express database and is
publicly available as accession E-MEXP-2883 and in the
M. truncatula Gene Expression Atlas version 3 (http://
mtgea.noble.org/v3/).

MapMan software (Thimm et al., 2004; Urbanczyk-
Wochniak et al., 2006) was adopted for visualizing
M. truncatula transcript data by generating species-specific
mapping files for the Affymetrix Medicago spp. chip
(Uppalapati et al., 2009). Differentially expressed genes
from the three different sample types were functionally
classified using MapMan categories (Fig. 2; Supplemental
Fig. S5) and displayed on pathway diagrams. Less than
50% of differentially expressed transcripts could be as-
signed functional categories (Fig. 3; Supplemental Fig.
56). The assigned transcript classes most strongly dif-
ferentiating border cells from whole root and root tips
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Figure 1. Border cells and root tips
of M. truncatula. A, Scanning electron
microscopy of a seedling root with at-
tached border cells and polysaccharide
matrix. B, Confocal image of detached
border cells stained with fluorescein
diacetate. C, Border cell at the root tip
containing starch granules. The blue
arrow points to a border cell. D, Free
border cells with starch granules. The
black arrows point to the starch gran-
ules. Bars = 50 um (A and B) and
25 um (C and D).

were associated with RNA regulation and protein
posttranslational regulation (Fig. 3; Supplemental Fig.
56). In these classes, more transcripts were decreased
than increased in border cells. The total number of
transcripts involved in nucleotide and DNA metab-
olism was also lower in border cells, consistent with a
determinate cell type with a slowing rate of replica-
tion and cell division. Cell wall metabolism, lipid
metabolism, stress, hormone metabolism, and mis-
cellaneous (UDP glycosyl transferases, peroxidases,
oxidases, etc.) also accounted for substantial differ-
ences between border cells and whole roots and/or
root tips (Fig. 3; Supplemental Fig. S6). Transcripts in
these categories were higher in border cells, as were
the overall number of border cell transcripts related to
secondary metabolism and transport, two categories
linked to defense.

There were 396 transcripts observed only in bor-
der cells and not in other M. truncatula root tissues
(Supplemental Table S1). Most of these transcripts
were detected at low levels, and 75% were novel
transcripts categorized as not annotated. Several other
transcripts were observed at reproducible levels in
only a few tissue types besides border cells. For ex-
ample, a pectin methylesterase (PME) inhibitor was
present in young roots prior to nodulation (equivalent
to whole roots in this analysis) and in border cells but
absent in all other tissues analyzed (Fig. 4A).
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Figure 2. Overview of border cell-to-root tip transcript ratios in major metabolic pathways visualized using MapMan. Tran-
scripts significantly up- and down-regulated are indicated in blue and yellow, respectively. The scale bars display fold changes.
CHO, Carbohydrate; OPP, oxidative pentose phosphate; TCA, tricarboxylic acid.

Quantitative real-time (qRT)-PCR was performed to
provide a more rigorous quantitative measure of gene
expression for select genes. Expression levels for five
genes representative of central steps in primary me-
tabolism and eight genes related to major changes in
secondary metabolism were validated by qRT-PCR
(Table I). Additionally, the expression levels of a PME,
a known marker for root tip-border cell separation,
and a pectin methylesterase inhibitor (PMEI) were also
reanalyzed by qRT-PCR. Two genes important in
hormone response and metabolism in different areas
of the root also were analyzed. These genes, an auxin-
responsive SAUR (for small auxin up RNA) protein
and a lipoxygenase (LOX), showed very large expres-
sion increases in border cells compared with root tips.
In total, 17 genes were analyzed by qRT-PCR, and the
results from the microarray analysis were confirmed
by qRT-PCR (Table I) in every case. These results are
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discussed in more detail in “Discussion.” A complete
list of primers can be found in Supplemental Table S2.

Metabolomics

This report focuses on the metabolic comparison of
anatomically distinct root tips and border cells while
noting that a few prior publications have reported cu-
mulative metabolic profiles of whole M. truncatula roots
(Achnine et al., 2005; Huhman et al., 2005; Schliemann
et al., 2008; Zhang et al., 2014). Metabolomics analyses
were performed using a series of gas chromatography-
mass spectrometry (GC-MS), liquid chromatography-
mass spectrometry (LC-MS), and ultra-high-performance
liquid chromatography (UPLC) experiments. The GC-MS
profiling identified distinct, reproducible tissue differ-
ences (Fig. 5A) between border cells and root tips. The
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levels of most sugars were unchanged or lower in
border cells (Table II), although Fru, Glc, Gal, Suc, and
Ara were all abundant in these cells. Suc was the only
sugar significantly elevated in comparison with root
tips. Fru was the most abundant sugar observed in the
metabolite analyses (Supplemental Table S3), and this
was reflected in the high percentage of glycolytic
transcripts (more than 70%) linked to Fru metabolism
in border cells (Supplemental Table S1). Fru and Glc are
produced from the degradation of Suc, and Glc was
observed at lower levels in border cells than in root tips.
However, starch, a product of Glc, was abundant in
both (Fig. 1, C and D; Supplemental Fig. S3).

Several organic acids were found at higher levels in
border cells, including four (Table II) intermediates in
the tricarboxylic acid cycle. The level of citrate, an early
tricarboxylic acid intermediary, was 5-fold higher in
border cells than in root tips. Fumarate, a precursor for
the amino acids Asp and Asn, also was more abundant
in border cells compared with root tips (Table II). The
level of malic acid was approximately 2.5-fold higher
when compared with root tips. Malate is an important
precursor in the formation of pyruvate and thus of the
branched-chain amino acids and CoA (Fig. 6).

Nineteen standard and two nonstandard amino acids
were identified in border cells (Table II; Supplemental
Table S3). Of these, 10 were significantly higher in
border cells, while the levels of 11 amino acids were
statistically unchanged (*+2-fold; P < 0.05) compared
with root tips. The most abundant amino acids in
border cells were among those most elevated in com-
parison with root tips. These included Asn, one of the
most abundant metabolites in border cells, and Ser,
homo-Ser, and Gly (Table I; Supplemental Table S3).
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Pro and Thr were also highly abundant in border cells,
with levels that were elevated in comparison with root
tips. The branched-chain amino acids Ile, Val, and Leu,
precursors for CoA biosynthesis, also were observed
at high levels in border cells. Phe, the precursor for
phenylpropanoids, was abundant in both root tips and
border cells (Table I; Supplemental Table S3).

An ultra-high-pressure liquid chromatography (UHPLC)
coupled to hybrid quadrupole time-of-flight mass spec-
trometry method was used to profile a range of saponins
and flavonoids because of their importance to defense
and signaling in legumes. Consistent with the Metab-
olomics Standard Initiative (Sumner et al.,, 2007), this
profiling method provided a significant number of con-
fident identifications for a number of differentially ac-
cumulated secondary metabolites by comparison with
authentic standards and a number of tentative identifi-
cations through accurate mass matches to metabolites
within public databases (Table III). Distinct and repro-
ducible tissue differences in secondary metabolite levels
were observed (Fig. 5B). Almost 20 saponins and sapo-
genin aglycones were observed at increased levels in
border cells. Five of these were observed at a 10-fold or
greater excess in comparison with root tips. Root tips
also contained many saponins; some of these were in
excess of the levels observed in border cells or not
detected in border cells (Table III).

Flavonoids are important in plant defense, symbio-
sis, development, and pollination (Modolo et al., 2007).
Two flavonoids observed at higher levels in border
cells were apigenin and DHF (Table III). Naringenin
chalcone 4’-O-glucoside, a glycosylated form of an
apigenin precursor, also was identified in border cells
at elevated levels. Supplemental Table S3 contains a
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Figure 4. Relative expression levels of PMEI (A) and auxin-responsive
SAUR protein (B) determined using the M. truncatula Gene Expression
Atlas (Benedito et al., 2008).

comprehensive list of primary and secondary metab-
olites observed in this study with the supporting chro-
matographic retention times and mass spectral m/z
values.

M. truncatula seedlings were treated with water or a
suspension of mycelia from the nonsporulating fungus
cotton root rot, a devastating root pathogen that at-
tacks many plants, including legumes (Marek et al.,
2009; Uppalapati et al., 2009, 2010). Border cells and
root tips without border cells were collected 24 and
48 h after inoculation and analyzed by UHPLC-
quadrupole time-of-flight mass spectrometry. The fla-
vone DHF was found constitutively at higher levels in
border cells and was further increased approximately
2-fold in border cells after a 24-h exposure to cotton
root rot, while there was no change in root tips (Fig. 7A).
After a 48-h exposure to cotton root rot, the level of
DHF had increased further in border cells but was
unchanged in root tips. The level of DHF in control
border cells dropped at the 48-h time point (Fig. 7A).
DHEF was tested for antifungal properties against cotton
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root rot and was effective at concentrations as low as
100 um (Fig. 7B). DHF showed greater growth inhibi-
tion than catechol, a known potent inhibitor of cotton
root rot growth (Greathouse and Rigler, 1940), and
similar to or slightly better than that of the phytoalexin
medicarpin (Naoumkina et al., 2007; Table IV).

Phytohormones were analyzed in root tips without
border cells and border cells using UHPLC coupled to
triple quadrupole tandem mass spectrometry. Phyto-
hormone analyses in root tips revealed high concen-
trations of jasmonic acid (JA), indole acetic acid (IAA),
and salicylic acid (SA) along with a lesser concentra-
tion of abscisic acid (ABA; Fig. 8A). SA was also
abundant in border cells, while JA and ABA were less
abundant, and IAA was not detected in border cells
(Fig. 8A).

The volatile compound hexanal was observed in
border cells (350 £ 100 pmol per 50 roots) using solid-
phase microextraction (SPME) GC-MS analysis but
not in roots without border cells or whole seedlings
without border cells (Fig. 8B). Volatiles from root tips
were not measured because excising the tip would cause
a wounding response.

DISCUSSION

Border cells are determinate cells capable of respond-
ing to many different stimuli encountered in the rhizo-
sphere (Hawes et al., 2000) and are differentiated from
other root cells. The differentiation of border cells be-
gins with important developmental cues and heightened
hormonal activity, resulting in substantial differences in
primary and secondary metabolism fueled through in-
tracellular starch-based energy production (Fig. 6). Dis-
cussions follow that provide detailed gene expression
and metabolomics data supporting our conclusion that
border cells are differentially programmed with en-
hanced secondary metabolism. We further demonstrate
that the differential metabolic programming and com-
position of border cells facilitate a unique role in root
growth, development, defense, and plant-microbe
signaling.

Border Cell Production Includes PME, PMEI, and
Localized Hormone Activity

Border cells are produced within 2 to 3 d after ger-
mination and originate from the root cap meristem
initials (Brigham et al., 1998; Hawes et al., 2000). They
transition through columella cells, peripheral cells,
and, ultimately, into border cells (Brigham et al., 1998;
Hawes et al., 2000). Border cells are released from the
root, in part by PME activity. This enzyme demethy-
lates pectin and allows cell wall degradation, which
leads to the separation of border cells from roots. In-
hibition of this gene blocks the normal detachment of
border cells (Wen et al., 1999). Expression levels for
PME were low in border cells, as determined by both
microarray and qRT-PCR data (Table I; Supplemental
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Table I. Summary of validated genes, expression levels, and related metabolite levels

BC/RT, Ratio of border cells compared with root tips.

Class

Gene; Accession No.

Microarray BC/RT

qRT-PCR BC/RT

Metabolites BC/RT

Genes in primary metabolism

Major carbohydrate metabolism B-Amylase; TC94273

Glycolysis

Tricarboxylic acid cycle
Amino acids

Not assigned (B-Ala)

Genes in secondary metabolism

Phenylpropanoids
Lignin and lignans
Flavonoids
Flavonoids
Isoflavonoids
Terpenoids
Terpenoids
Terpenoids
Additional categories
Jasmonate

IAA

Cell walls
Cell wall

PF6P1P; TC101885

Citrate synthase-like; BQ153338
Asn synthetase; TC100391

B-Ureido-propionase; TC100938
Phe ammonia lyase; TC101026
CCoMT-like protein; BM814917

Naringenin-chalcone synthase;
TC102405

Flavone synthase II; BM779623

Isoflavone synthase-like; TC106940

B-Amyrin synthase; AW689929

CYP71A8; BE943181

(—=)-Germacrene D synthase;
TC94781

LOX; TC106479

Auxin-responsive SAUR protein;
BQ157435

PME; TC103769

18X Increase

12X Increase

3X Increase
6X Increase

7X Increase

16X Increase

18X Increase

50X Increase

8X Increase

13X Increase

3X Decrease

21X Increase

34X Increase

224X Increase

38X Increase

16X Decrease
45X Increase

15X Increase

28X Increase

2X Increase
3X Increase

3X Increase

30X Increase

24X Increase

64X Increase

7X Increase

13X Increase

1.2X Decrease

91X Increase

167X Increase

126X Increase

884X Increase

7X Decrease
115X Increase

Starch detected by
microscopy

Fru derivatives 3X to 4X
decrease

Citrate 5X increase

Asn cumulative 3X increase
in border cells

B-Ala 6X increase

Phe abundant in border
cells

Lignin in border cells (from
literature)

Apigenin 6X increase

DHF 13X increase

Not detected

Up to 32X increase in
saponins

Up to 32X increase in
saponins

Volatile terpenes not
detected with this method

Less than in root tips
Not detected in border cells

Wen et al. (1999)
Novel

PMEI; AC134522_38.4

Table S1), and substantially higher in root tips (7- to
16-fold higher). The action of PME in roots has been
well documented (Wen et al., 1999), and confirmation
of PME expression in M. truncatula root tips and bor-
der cells provided reassurance of our experimental
approaches.

Interestingly, a novel transcript for a gene annotated
as a PMEI was greatly enhanced in border cells (115-
fold higher; Fig. 4A; Table I). PMEI activity has been
characterized in kiwifruit (Actinidia chinensis) and
Arabidopsis (Balestrieri et al., 1990; Raiola et al., 2004)
and in pepper (Capsicum annuum) leaves (An et al.,
2008), where it also exhibited antifungal properties.
However, to our knowledge, this is the first time a pu-
tative PMEI has been identified in border cells. PMEI
and PME form a complex in a 1:1 stoichiometric ratio (Di
Matteo et al., 2005). Therefore, PMEI expression in bor-
der cells appears to be a negative regulator of PME ac-
tivity and associated with border cell detachment. PMEI
levels increase once PME activity is no longer needed.

All cell types in the root tip of Arabidopsis seedlings
synthesize auxin (Ljung et al, 2005). The auxin is
transported basipetally by polar transport from most
root tip cells, and IAA levels in columella cells are
lower than in the rest of the root tip. In contrast, the
quiescent center maintains a high concentration of IAA
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(Ljung et al., 2005), and high auxin levels contribute to
the mitotic activity in meristematic cells, while the
auxin gradient in other root tip cells is tightly con-
nected to differentiation and development (Ljung
et al., 2005). Border cells in Medicago spp. progress
from columella cells and are the most mature cells in
the root tip; thus, the lack of detectable auxin in border
cells and high levels of auxin in the root tip (Fig. 8A)
correlate with auxin-related root development. In
border cells, elevated auxin-related transcripts are the
predominant class of hormone transcripts (40% of
border cells compared with root tips); many of these
are negative regulators of auxin. For example, multiple
auxin-responsive SAUR transcripts are elevated in
border cells. These proteins are short-lived nuclear
proteins hypothesized to be negative regulators of
auxin synthesis and transport (Kant et al.,, 2009).
Overall, 19 of 21 SAUR transcripts were higher in
border cells, and the transcript level for one SAUR
verified by qRT-PCR was especially elevated (more
than 900-fold; Table I). Expression of this SAUR was
not observed in other root tissues contained within the
Medicago spp. gene atlas (Fig. 4B). SAURs are involved
in auxin signal transduction (Davies, 2004) and in
auxin-induced cell elongation (Knauss et al., 2003) and
likely play a role in the elongation of border cells.
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Figure 5. Principal component (PC) A
analysis of primary (A) and secondary
(B) metabolite profiling data from bor-
der cells (BC) and root tips (RT). PC1 for
primary metabolites explains 57% of
variance and PC2 explains 28% of
variance using approximately 500 mass
features. PC1 for secondary metabolites
explains 79% of variance and PC2 ex-
plains 7% of variance using approxi-
mately 3,100 mass features.

PC2 (28%)
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Transcript levels of several auxin response factors, tran-
scription factors that regulate auxin-mediated responses,
were lower in border cells (Supplemental Table S1),
further confirming a lack of auxin in these cells.

JA expression is high in root tips (Birnbaum et al.,
2003), and levels of JA in this study also were higher in
root tips than in border cells (Fig. 8A). LOX genes
function early in the JA pathway, but the transcript
levels for three LOX transcripts were 84- to 225-fold
higher (microarray data) in border cells. The level of
one LOX was further validated by qRT-PCR and
confirmed as 126-fold higher in border cells (Table I).
This LOX catalyzes an early step in the oxylipin
pathway, and its product is the branch-point com-
pound for either JA synthesis or the synthesis of
hexanal (Supplemental Fig. S7B), a stress volatile pro-
duced in response to biotic and abiotic stimuli (Chehab
et al., 2006). Hexanal was the only volatile detected by
SPME analysis of border cells, and there was no dis-
cernible peak for hexanal in roots or seedlings without
border cells (Fig. 8B). Transcript levels for hydroper-
oxide lyase, the next enzyme in the biosynthetic
pathway for hexanal, were 4-fold higher in border cells
than in root tips (Supplemental Table S1). Levels of
allene oxide synthase and allene oxide cyclase tran-
scripts, enzymes that catalyze subsequent reactions in
the JA pathway, were either unchanged or higher in
root tips (Supplemental Table S1). Elevated levels of
JA, hexanal (Fig. 8), and transcripts for enzymes in the
biosynthetic pathway of these compounds support an
important role for border cells in stress metabolism
and in protection against pathogen and insect attack,
processes in which oxylipins have an established role
(Reymond and Farmer, 1998; Uppalapati et al., 2009).

SA is a key signaling molecule synthesized in re-
sponse to both biotic and abiotic stress (Horvath et al.,
2007). It is abundant in root tips and even more
abundant in border cells (Fig. 8A), yet there are few
transcripts annotated as SA related in either tissue
(Supplemental Table S1). Two pathways for SA syn-
thesis are proposed in plants, one of which is through
benzoic acid (BA; Chen et al., 2009). Border cells and
root tips contain BA (Table II; Supplemental Table S3),
and only one additional hydroxyl group differentiates
SA from BA. Benzoic acid 2-hydroxylase (BA2H) activity
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has been detected in tobacco (Nicotiana tabacum) and rice
(Oryza sativa), and the tobacco protein has been partially
purified, although a gene has not yet been isolated
(Chen et al., 2009). Removal of border cells from root
tips could be enough stress to cause an as yet unanno-
tated Medicago spp. BA2H to synthesize SA from BA to
aid in root tip defense (Naoumkina et al., 2010).

Border Cells Utilize Starch for Energy and Carbon

Border cells are detached root cells and unable to
benefit directly from energy sources transported
through the vascular system. However, border cells
contain starch-filled plastids (Fig. 1, C and D), which
are a common source of stored energy and carbon
(Blancaflor et al., 1998; Barlow, 2003). Starch is syn-
thesized from Glc made available when Suc is de-
graded, and over 70% of Suc transcripts in border cells
and root tips are annotated as degradation related
(Supplemental Table S1). Fifty-six percent of the starch-
annotated transcripts in root tips are associated with
synthesis, and root cap columella cells are packed with
starch bodies, as determined through iodine staining
(Supplemental Fig. S3C), supporting the importance
of the root tip as a site for the conversion of Glc to
starch. Starch levels are lower in border cells than in
their progenitor root cap cells, and 80% of observed
border cell transcripts involved in starch metabolism
were annotated as degradation genes (Supplemental
Table S1). In addition, the transcript level of the starch-
degrading enzyme B-amylase was validated by qRT-
PCR as approximately 15-fold higher in border cells
(Table I). Cumulative transcriptomic and microscopic
data indicate that starch reserves accumulated during
border cell production are utilized as an energy and
carbon source.

Primary Metabolism Is Reduced in Border Cells and
Redirected toward Secondary Metabolism

Seventy percent of transcripts involved in primary
metabolism were lower in border cells compared with
root tips (Table V). Exceptions to this trend are dis-
cussed in more detail below and include compounds

Plant Physiol. Vol. 167, 2015


http://www.plantphysiol.org/cgi/content/full/pp.114.253054/DC1
http://www.plantphysiol.org/cgi/content/full/pp.114.253054/DC1
http://www.plantphysiol.org/cgi/content/full/pp.114.253054/DC1
http://www.plantphysiol.org/cgi/content/full/pp.114.253054/DC1
http://www.plantphysiol.org/cgi/content/full/pp.114.253054/DC1
http://www.plantphysiol.org/cgi/content/full/pp.114.253054/DC1
http://www.plantphysiol.org/cgi/content/full/pp.114.253054/DC1
http://www.plantphysiol.org/cgi/content/full/pp.114.253054/DC1
http://www.plantphysiol.org/cgi/content/full/pp.114.253054/DC1
http://www.plantphysiol.org/cgi/content/full/pp.114.253054/DC1

Enhanced Specialized Metabolism in Border Cells

Table Il. Primary metabolites identified in border cells and root tips

Italicized amino acids are nonstandard. BC/RT, Ratio of border cells compared with root tips; MEOX,
methyloxime; TMS, trimethylsilyl.

Metabolites BC/RT P lon Retention Time
fold change min
Sugars
Suc TMS 3.68 0.0092 361.2 45.1907
Fru 5-TMS MEOX2 0.29 0.0003 217.2 32.0651
Fru 5-TMS MEOX1 0.27 0.0006 217.2 31.8745
Xyl 4-TMS MEOX2 0.65 0.0219 217.1 27.1635
Ara 4-TMS MEOX1 0.62 0.0015 2171 27.6668
Rib 4-TMS MEOX 0.55 0.0089 308.2 27.3277
Fru-6-P 6-TMS MEOX 0.38 0.0149 315.1 39.9454
Glc-6-P TMS MEOX1 0.21 0.0020 387.1 40.1773
Gal 5-TMS MEOX1 0.20 0.0001 319.2 32.2821
Glc 5-TMS MEOX2 0.20 0.0001 319.2 32.4089
Organic acids
Succinic acid 2-TMS 5.78 0.0060 247.1 18.8065
Citric acid TMS 5.39 0.0109 273.1 30.8361
Shikimic acid 4-TMS 4.17 0.0014 204.1 30.5913
BA TMS 3.96 0.0010 194.1 17.1936
Hexanoic acid TMS 3.92 0.0002 173.1 12.1131
Nicotinic acid TMS 3.55 0.0032 180.1 18.487
Propionic acid 3-TMS 3.53 0.0029 189.1 19.1171
Fumaric acid 2-TMS 3.08 0.0056 245.1 19.7831
Hexadecanoic acid TMS 2.81 0.0045 3133 35.5837
Malic acid 3-TMS 2.53 0.0188 233.1 23.2597
Butanoic acid 4-TMS 2.13 0.0362 174.1 28.4915
Nonanoic acid 1.96 0.0251 215.1 20.1453
Pyruvic acid TMS MEOX1 1.66 0.0113 174.1 11.3521
Amino acids
Gln 3-TMS 97.50 0.0226 246.1 29.9694
lle TMS 23.76 0.0018 188.2 15.1115
Pro +CO, 2-TMS 9.66 0.0013 186.1 25.7291
Pro 2-TMS 7.48 0.0046 216.1 18.4395
Pro TMS 6.10 0.0002 172.1 15.1135
Gly 3-TMS 7.49 0.0017 174.1 18.6267
Gly 2-TMS 6.35 0.0008 204.1 13.399
Homo-Ser 3-TMS 7.47 0.0018 218.2 22.317
Ser 4-TMS 6.65 0.0011 290.1 25.3873
Ser 2-TMS 4.36 0.0008 219.1 17.2432
Ser 3-TMS 4.06 0.0017 204.1 19.9493
Thr 3-TMS 4.92 0.0044 218.1 20.6207
Thr 2-TMS 3.01 0.0032 219.1 18.2625
Asn +CO, 4-TMS 4.58 0.0003 232.1 33.5789
Asn 4-TMS 3.05 0.0161 188.1 32.0088
Asn 2-TMS 2.84 0.0010 159.1 26.077
Asn 3-TMS 2.60 0.0118 231.2 27.6817
Ala +CO, 2-TMS 3.26 0.0020 160.1 21.0853
Ala 3-TMS 3.21 0.0007 188.2 20.0924
Val TMS ester 2.72 0.0001 156.1 12.5797
Val 2-TMS 2.36 0.0169 218.1 16.0488
Tyr 2-TMS 1.70 0.0416 219.1 33.4378
Lys 3-TMS 0.51 0.0014 174.1 31.7517
Glu 3-TMS 0.72 0.0062 246.1 26.4894
Phe 2-TMS 0.67 0.0101 218.1 26.8129
CoA synthesis
B-Ala 3-TMS 5.53 0.0007 174.1 21.8571
Miscellaneous
Urea 2-TMS 5.19 0.0022 171.1 16.8071
that serve important roles in supplying primary met- Levels of many amino acids were much higher in
abolic precursors for the synthesis of important sec- border cells than in root tips (Table II), while overall
ondary metabolites. transcript levels for amino acid synthesis in border
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Figure 6. Systems model of major metabolic and transcriptional differences in M. truncatula border cells. Cumulative con-
stitutive data provide evidence that border cells have enhanced metabolic capacity and content relative to root tips. Starch
reserves in border cells are directed toward increased secondary metabolism as opposed to fueling continued cell growth and
division. The enhanced secondary metabolism of border cells fortifies them as front-line defenders in plant-pathogen inter-
actions and important ambassadors in mutualistic signaling. TCA, Tricarboxylic acid; HMG-CoA, hydroxy-methy! glutaryl
coenzyme A; IPP, isopentenyl pyrophosphate; Hex, hexose; HexA, hexose acid.

cells was decreased (Fig. 3; Supplemental Table S1),
suggesting that most amino acids were synthesized
during early border cell development. Alternatively,
border cell amino acids may have originated from
protein degradation; this is less likely, because the
percentage of protein degradation transcripts ele-
vated in border cells and root tips was equivalent,
with fewer total degradation transcripts in border
cells. In addition, border cells are reported to ac-
tively synthesize proteins even after release from
the root (Brigham et al., 1995; Wen et al., 2007).
Thus, the origin of increased amino acids in border
cells is unknown, but evidence supports their utili-
zation as precursors for the synthesis of proteins
and metabolites.
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Asn was the most abundant amino acid in border
cells and was increased compared with root tips.
Transcript levels for Asn synthetase also were elevated
3- to 6-fold (Table I), although the transcript levels for
most other amino acid syntheses were decreased in
border cells. Asn is an end-point amino acid that serves
as a major nitrogen transport and storage compound
in plant cells (Ta et al., 1984). Amino acids also serve as
precursors for the rapid production of defense com-
pounds. For example, Phe is the entry point for lignin,
flavonoid, and salicylate biosynthesis. Phe was present
in border cells and root tips, and lignin transcripts plus
multiple flavonoids and SA (compounds and/or tran-
scripts) important in plant defense were identified in
both (Tables I and III; Fig. 6).
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Enhanced Specialized Metabolism in Border Cells

Table Ill. Secondary metabolites identified in border cells and root tips

BC/RT, Ratio of border cells compared with root tips; m/z, mass-to-charge ratio; nd in bc, not detected in border cells; nd in rt, not detected in root
tips. The minimum area of the border cell peak is 1-100th of the internal standard.

Metabolites Identification Source® BC/RT P Retention Time m/z
fold change min
Phenolics

4-Hydroxy-7-methoxy flavone 1 nd in rt 0.0042 12.30 267.0685
Epicatechin pentose 2 21.45 0.0005 8.88 421.2085
Epicatechin pentose 2 15.30 0.0000 9.42 421.2073
DHF 1 12.51 0.0004 7.42 253.0492
Apigenin 1 5.92 0.0002 9.96 269.0445
Luteolin 7-glucoside 2 1.96 0.0040 3.91 447.097

Naringenin chalcone 4-O-glucoside 2 1.92 0.0034 3.92 433.115

4-Methylumbelliferone 1 1.68 0.0012 5.98 175.0391
Kaempferol-3-O-rutinoside 1 0.33 0.0031 6.05 593.1519
Unknown phenolic 2 0.30 0.0005 5.27 577.156

Daidzin 1 0.10 0.0028 4.56 415.1044

Saponins or sapogenins

Hex-Hex-Hex-bayogenin 2 nd in rt 0.0002 13.88 973.5013
Rha-Hex-Hex-bayogenin 2 31.90 0.0016 13.97 957.5092
Rha-Hex-Hex-Hex-bayogenin 2 22.38 0.0072 8.46 1,119.5665
3-Glc-Glc-28-Ara-Rha-Xyl medicagenic acid 1 19.25 0.0017 13.12 1,087.4988
Rha-Hex-Hex-bayogenin 2 18.63 0.0001 13.38 957.5135
3-Glc-malonyl-medicagenic acid 2 12.50 0.0266 16.76 705.3861
HexA-Hex-soyasapogenol E 2 6.32 0.0000 18.74 793.4370
3-Glc-malonyl-medicagenic acid 2 6.30 0.0006 17.92 705.3877
3-Rha-Gal-GlcA-soyasapogenol B 2 5.92 0.0004 17.02 941.5163
Ara/Xyl-gypsogenin 3 5.81 0.0046 11.63 1,221.5609
3-Glc-malonyl-medicagenic acid 2 5.31 0.0392 14.79 705.3874
Hex-Hex-Hex-hederagenin 2 4.90 0.0014 14.74 957.5079
Hex-Hex-Hex-bayogenin 2 4.67 0.0003 11.11 973.5040
Hex-gypsogenic acid 2 4.56 0.0009 16.29 647.3811
3-Glc-28-Ara-Rha-Xyl medicagenic acid 2 4.50 0.0291 13.68 1,073.5138
3-Rha-Xyl-GlcA-gypsogenic acid 2 433 0.0053 18.53 939.4972
3-Glc-malonyl-medicagenic acid 2 2.89 0.0287 17.41 705.3878
3-Glc-medicagenic acid 1 2.10 0.0029 17.02 663.3768
Echinocystic acid 2 1.66 0.0277 26.10 471.3476
Rha-Hex-Hex-bayogenin 2 1.59 0.0142 15.54 957.5125
Hex-gypsogenic acid 2 1.33 0.0178 18.22 647.3803
3-Rha-Gal-GlcA-soyasapogenol B 2 1.18 0.0431 16.47 941.5138
Hex-soyasapogenol E 2 0.45 0.0056 21.44 617.4059
3-Rha-Gal-GlcA-soyasapogenol B 2 0.13 0.0021 18.89 941.5139
Hex-Hex-Rha-bayogenin 2 0.12 0.0032 12.00 957.5054
Rha-Hex-Hex-Hex-bayogenin 2 0.07 0.0001 11.17 1,119.5549
3-Glc-28-Glc-medicagenic acid 1 0.02 0.0000 13.03 825.4293
Hex-Hex-Hex-bayogenin 2 0.01 0.0000 12.41 973.5075
Hex-Rha-Hex-Hex-hederagenin 2 nd in bc 0.0000 12.85 1,103.5693
Rha-Hex-Hex-Hex-bayogenin 2 nd in bc 0.0004 12.00 1,119.5616
Hex-Hex-Hex-bayogenin 2 nd in bc 0.0004 11.64 973.5012
Hex-Hex-Hex-medicagenic acid 2 nd in bc 0.0000 12.70 987.4860
Hex-Hex-Rha-bayogenin 2 nd in bc 0.0000 11.18 957.5043

“ldentification codes are as follows: 1, identification using authentic standards; 2, putative identification using accurate mass (database search * 6
ppm; echinocystic acid has been identified by Tava et al. [2011]: [M-H]~ 471); and 3, putative identification using tandem mass spectrometry. The

aglycone has the same m/z as aglycone B reported by Pollier et al. (2011).

Transcript levels for the enzyme that reversibly
converts Fru-6-P to Fru-1,6-P were 28-fold higher in
border cells as determined by qRT-PCR (Table I). Fru is
a product of Suc degradation and the most abundant
sugar measured. Fru is a precursor metabolite in gly-
colysis, and the glycolysis of Fru yields ATP and NADH
with an end product of pyruvate. Pyruvate can be
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metabolized in the tricarboxylic acid cycle to form acetyl-
CoA, central to the process of shuttling carbon from
primary to secondary metabolism.

The level of citrate was up 5-fold (Table II) in bor-
der cells, and the correlated transcript level of citrate
synthase, as measured by qRT-PCR, was slightly
higher (Table I). Citrate is an important intermediary
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Figure 7. A, Relative abundance of DHF in water control (con) and
cotton root rot (Po)-treated border cells (gray bars) and root tips (black
bars) after 24 h (24) and 48 h (48) of exposure. n = 3 or 4, and error
bars represent st. B, In vitro assay of antifungal activity after 5 d of no-
treatment control, dimethyl sulfoxide (DMSO) only, and two concen-
trations of DHF against cotton root rot. Fungal growth was quantified
on a scale of 0 to 5, with 0 meaning no growth and 5 meaning no
inhibition: control and DMSO =5, 0.1 mm =1, and 0.5 mm = 0.

in the tricarboxylic acid cycle (Fig. 6) and also serves as
a substrate for the cytosolic production of acetyl-CoA,
an essential precursor in the synthesis of secondary
metabolites. As a side note, citrate is secreted in re-
sponse to aluminum (Li et al., 2000), and the impor-
tance of border cells in protecting the root tip from
aluminum has been documented (Miyasaka and Hawes,
2001). Prior literature and increased levels of citrate in
border cells support their role as a major quantitative
source for the secretion of citrate.

CoA is important in numerous metabolic processes,
especially in providing carbon substrates for second-
ary metabolism. Precursors for CoA biosynthesis, in-
cluding B-Ala and the branched-chain amino acids Ile
and Val, were found at increased levels in border cells
(Table II). B-Ala is a precursor of pantothenate and
CoA, and the transcript for B-ureidopropionase, an
enzyme involved in B-Ala synthesis, was determined
to be 3-fold higher in border cells by qRT-PCR (Table
I). CoA is necessary for the production of acetyl-CoA,
a central metabolite in the shuttling of carbon from
primary to secondary metabolism, and the synthesis
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of many natural products, including flavonoids and
terpenoids.

Although flux was not measured, the integrated
metabolite and transcript data strongly support that
the carbon and energy necessary for growth and de-
velopment are redirected toward secondary metabo-
lism in border cells.

Secondary Metabolism Is Enhanced in Border Cells

Border cells are rich in secondary metabolites and
contain numerous elevated transcripts for secondary
metabolism (Figs. 2 and 3; Table V). This is highly
evident in the differential MapMan visualizations,
where the majority of transcripts for waxes, phenyl-
propanoids, phenolics, and flavonoids were distinctly
higher in border cells (Fig. 2). The elevation in sec-
ondary metabolism transcripts is in sharp contrast to
the decrease of many primary metabolite transcripts,
indicating that energy and carbon from primary me-
tabolism are channeled into border cell secondary
metabolism.

Border cells are mature lignified cells (Hamamoto
et al., 2006), and the transcript level for caffeoyl co-
enzyme A O-methyltransferase (CCoMT), an impor-
tant enzyme in phenylpropanoid-based monolignol
biosynthesis, was determined by qRT-PCR and found
to be 24-fold higher in border cells (Table I). The rel-
ative increase in CCoMT supports continued lignifi-
cation and secondary cell wall reinforcement in border
cells after detachment from the root. Lignin provides
strengthened cell walls for enhanced protection against
mechanical damage and during encounters with plant
pathogens (Vance et al., 1980).

Many triterpene saponins and flavonoids were
identified in border cells, and the levels of many of
these compounds were dramatically higher than in
root tips. Saponins have reported allelopathic, an-
timicrobial, and insecticidal properties important in
plant protection (Shao et al., 2005) and are generally
toxic to cold-blooded animals and insects (Tava and
Odoardi, 1996, Waterman, 1996). Legumes have a
rich variety of saponins (Huhman and Sumner,
2002; Dixon and Sumner, 2003; Huhman et al., 2005;

Table IV. In vitro antifungal activity of catechol and flavonoids against
cotton root rot

Qualitative measurement of fungal infection is shown. Inhibition
effect is scored by numbers, with 5 representing no inhibition and 0
representing complete inhibition. Dashes indicate no data.

Compounds Control DMSO 5mm 10 mm 0.1 mm 0.5 mm

Catechol 55 4 42200 - - - -
Formononetin 5 5 4 5 - - - - 5 5 5 5
Narigenin 5 5 4 4 - - - - 4 4 4 4
Isoliquirifigenin 5 5 4 4 - - — - 4 4 4 4
Apigenin 5 5 4 4 - - - - 4 3 4 4
Medicarpin 5 5 4 4 - - - -2 1 10
DHF 5555 ----1T1T 00
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Figure 8. A, Phytohormone content of border cells (black bars) and
root tips (gray bars). B, Headspace hexanal concentration of border
cells, roots without (w/o) border cells, and seedlings without border
cells. Volatiles were analyzed from border cells collected from 100
roots and compared on the basis of 50 roots. Error bars represent st.
ND, Not detected.

Pollier et al., 2011), many of which are present in
M. truncatula root tissue. Triterpene saponins were
quantitatively the most abundant class of secondary
metabolites identified in border cells, and the largest
fold increases in border cell metabolites were ob-
served for saponins.

Enhanced Specialized Metabolism in Border Cells

Much of the biosynthetic pathway for triterpenoid
saponins is unknown, but the first committed step is
the cyclization of 2,3-oxidosqualene by B-amyrin syn-
thase to form B-amyrin (Hayashi et al., 2001; Suzuki
et al., 2002). This is the starting point for the synthesis
of at least seven different sapogenins (the aglycone
form of saponins). The transcript levels for B-amyrin
synthase were similar in border cells and root tips, as
measured by qRT-PCR (Table I), suggesting that early
steps in saponin biosynthesis occur at approximately
equivalent rates in root tissues. The transcript level of
CYPI3E, a cytochrome P450 isoform of the enzyme
reported to catalyze the hydroxylation of B-amyrin
and sophoradiol in soybean (Glycine max) and licorice
(Glycyrrhiza glabra) to form the first soyasapogenin
(Shibuya et al., 2006; Seki et al.,, 2008), was 7-fold
higher in border cells, while the cytochrome P450 that
functions in the first committed step of the oleanate
sapogenol pathway, CYP716A12 (Carelli et al., 2011),
is 3-fold higher in root tips (Supplemental Table S1).
Subsequent oxidation of the triterpene aglycone skel-
etons is believed to involve several currently unknown
cytochrome P450s. The transcript level of a proposed
cytochrome P450 family member associated with ter-
penoid biosynthesis, CYP71A8 (Naoumkina et al.,
2010), was 91-fold higher in border cells, implying a
tissue/cell specificity for certain steps in terpenoid
biosynthesis. The transcript for another gene involved
in sesquiterpenoid biosynthesis, (—)-germacrene syn-
thase, was validated by qRT-PCR and found in border
cells at levels 167-fold higher than in root tips. Un-
fortunately, the product of this enzyme, (—)-germa-
crene D, was not observed in the GC-MS analysis due
to its volatility. However, these data cooperatively
support the elevated biosynthesis of terpenes in border
cells and a role for border cell terpenoids in defense
and rhizosphere modification.

Glycosylation typically influences the bioactivity of
secondary metabolites as well as their cellular locali-
zation, stability, and metabolism (Modolo et al., 2007).
More specifically, glycosylation can increase the bio-
logical activity of triterpenoid saponins in comparison
with the aglycone, presumably due to the increased
ability of the molecules to complex in fungal mem-
branes, and the activity is dependent on the number of

Table V. Comparison of border cell and root tip transcripts increased/decreased in primary and secondary

metabolism
BC/RT, Ratio of border cells compared with root tips.

No. of Transcripts Increased

No. of Transcripts Decreased

Category in BC/RT in BC/RT
Carbohydrate metabolism (major and minor) 32 55
Glycolysis 7 23
Tricarboxylic acid/organic acid transformation 9 22
Amino acid metabolism 39 96
Secondary metabolism 142 82
Flavonoids 56 20
Terpenoids 24 19
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sugar molecules in the attached chain (Haridas et al.,
2001; Osbourn, 2003). In border cells, multiple sapo-
genin aglycones and various conjugated forms of each
sapogenin were identified (e.g. bayogenin, Rha-hex-
hex-bayogenin, and hex-hex-hex-bayogenin), thereby
increasing the saponin diversity (Table III) and potential
defense compounds useful in responses to rhizosphere
microbes and environmental stresses.

Flavonoids are associated with symbiosis, signaling,
plant development, and plant defense (Kape et al., 1991;
Stafford, 1997; Shirley, 1998; Aoki et al., 2000; Forkmann
and Martens, 2001), and there is a net increase in fla-
vonoids in border cells (Table III). Phenylpropanoids
are the precursors of flavonoids, isoflavonoids, antho-
cyanins, and lignin and are synthesized from the pri-
mary amino acid Phe. An early step in the biosynthesis
of these compounds is the conversion of Phe to cin-
namic acid by Phe ammonia lyase. Phe was abundant in
border cells, and three isoforms of the Phe ammonia
lyase transcript were identified at increased levels
(Supplemental Table S1). This increase was confirmed
for one isoform by qRT-PCR (Table I) as 30-fold higher
in border cells. Isoflavone synthase is the branch point
of phenylpropanoids into isoflavone synthesis, and the
transcript for an isoflavone synthase-like protein was
increased 13-fold in border cells. These data demon-
strate elevated isoflavone synthesis in border cells.

Secreted flavonoids are important in the signaling
processes between plants and other organisms in the
rhizosphere. One example is nodulation gene induc-
tion in rhizobacteria (Peck et al., 2006), where apigenin
and DHF are among the most potent inducers of nod
genes in Sinorhizobium meliloti during presymbiotic
interactions with Medicago spp. (Zhang et al., 2007).
Multiple flavonoids involved in rhizobial signaling
and symbiosis (Modolo et al., 2007) were substantially
elevated in border cells. Specifically, apigenin was
6-fold higher, DHF was increased by more than 12-fold,
and naringenin-chalcone glucoside was 2-fold higher
in border cells than in root tips (Table III). Transcripts
associated with the production of apigenin, naringenin-
chalcone synthase, and flavone synthase II also were
measured by qRT-PCR at substantially increased levels
in border cells (64-fold and approximately 7-fold, re-
spectively; Table I). These data illustrate that border
cells contain substantially greater quantitative amounts
of important flavonoid signaling molecules than do
other root tissues. Thus, border cells are equipped to
recruit motile rhizobia to inoculate root hairs and initi-
ate nodule development as the root continues its de-
velopmental processes.

Flavonoids also serve as defense compounds (Ferreyra
et al., 2012), and the differentially accumulated spe-
cialized metabolites in border cells likely serve im-
portant defense roles as well as signaling roles. Hence,
the metabolic responses of root tips and border cells
were measured in response to exposure to cotton root
rot, a devastating fungal root rot pathogen with lim-
ited treatment options and no known resistance in
Medicago spp. or any crop species (Uppalapati et al.,
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2010). The flavone DHF was strongly increased in bor-
der cells after exposure to cotton root rot. The constitu-
tively high levels of DHF in border cells doubled after
24 h of exposure to the fungus and increased even further
after 48 h (Fig. 7A). Yet the levels of DHF remained
low at all tested time points in the root tip. To further
demonstrate the roles of DHF and border cells in plant
defense, DHF was tested for growth inhibition against
cotton root rot. DHF showed strong fungal growth
inhibition and was as potent an antifungal agent as
medicarpin and 20-fold better than catechol, one of the
few reported chemical treatments for cotton root rot
(Table IV). This novel bioprotection against cotton root
rot, in conjunction with high levels of DHF in non-
elicited border cells and a robust increase in DHF after
exposure to cotton root rot, led us to conclude that
border cells produce DHF and other secondary me-
tabolites as phytoanticipins and/or phytoalexins to
protect the critically important meristematic root tip.

A Systems Model for Metabolic Programming and
Enhanced Metabolic Capacity of M. truncatula
Border Cells

Integrated transcriptome and metabolome data
detailing differences observed between M. truncatula
border cells and root tips are provided in Figure 6. This
figure includes a model describing the enhanced sec-
ondary metabolic capacity of border cells. Border cells
begin their life cycle as root cap initial cells, develop as
columella and peripheral root cells, and then transition
into border cells. Differentiated border cells are char-
acterized by large expression differences when com-
pared with root tips, and the most dramatic differences
are in hormone-associated transcripts. Border cells con-
tain SA, JA, and ABA, but IAA is not detected in border
cells. This contrasts with the root tip, which contains the
highest concentration of IAA in roots. The volatile
compound hexanal is produced by border cells and is
absent in roots without border cells. Iodine staining
revealed starch deposition in the root cap and border
cells, and comparative microarray data revealed in-
creases in border cell B-amylase. These data support
starch reserves as a critical energy source and carbon
reserve for detached border cells. Transcript data
document an overall general decrease in primary me-
tabolism, with exceptions associated with branched-
chain amino acid and B-Ala biosynthesis, which are
associated with CoA biosynthesis and carbon shuttling
into secondary metabolic pathways (i.e. flavonoid and
triterpene biosynthesis). Flavonoid transcripts and re-
lated metabolites are substantially increased in border
cells, and many triterpenoid transcripts and metabo-
lites also are observed at elevated levels.

The cumulative pathway-specific data provide
compounding evidence that primary and secondary
metabolism are differentially regulated in border cells
relative to root tips. Although flux was not measured,
the integrated metabolite and transcript data strongly
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support that carbon and energy are reallocated from
biosynthesis for growth and development toward en-
hanced secondary metabolism in border cells. Quantita-
tive increases in specific secondary metabolites indicate
an important role for border cells in defense and plant-
microbe interactions, a hypothesis validated by the an-
tifungal effect of DHF against cotton root rot. Future
work will concentrate on expanding our understanding
of the molecular and metabolic basis for border cells in
plant-microbe signaling and defense and the specificity
of plant-microbe interactions.

MATERIALS AND METHODS
Sample Growth Conditions and Collection

Medicago truncatula ‘A17’ seeds were scarified by soaking in concentrated
sulfuric acid for 5 min and then rinsed three times with chilled, distilled water.
Scarified seeds were sterilized in bleach for 10 min, rinsed three times with
distilled water, and placed on sterile filter paper atop 1% (w/v) agar water
plates to germinate at 24°C in a dark growth chamber for 3 d. Twenty mi-
croliters of a mycelial suspension of cotton root rot (Phymatotrichopsis ommni-
vora) was pipetted along the germinated root 2 d after plating, and the plates
were returned to the dark. Border cells and root tips were collected 24 and 48 h
later. For the metabolite analyses, border cells were collected from 40 replicate
seedlings, and the resulting root tips without border cells were excised and
collected. Five whole roots consisting of the complete radicle were collected
separately. All samples were frozen immediately in liquid N,.

Histology

Border cells from 10 seedlings were collected in water and incubated for
5 min with fluorescein diacetate (50 ng wL ™1 to detect live cells and propidium
iodide (500 ng wL™1) to stain dead cells. Dead and live cells were counted
using a hemocytometer. The count was repeated at least three times. A Nikon
Microphot-FX microscope was used for cell counts and starch body visualization.

Starch-stained plastids in border cells were confirmed by examining five or
more seedlings on three separate occasions. Dilute iodine stain (one-fourth
strength) was added to visualize starch in seedling roots and detached bor-
der cells. Seedling roots were sectioned to a thickness of 70 um and iodine
stained to image starch bodies in columella cells. Differential interference
contrast microscopy was utilized to visualize starch bodies in detached border
cells.

Roots and border cells stained with fluorescein diacetate or double stained
with fluorescein diacetate and propidium iodide were imaged with a Leica TCS
SP2 AOBS confocal laser scanning microscope (Leica Microsystems) using a
63X HCX Plan-Apo water-immersion objective with a numerical aperture of
1.2. Fluorescein diacetate was detected by illuminating with the 488-nm line
of the argon laser, and emission was detected at 510 nm. Propidium iodide
was detected after illumination with the 543-nm line of the argon laser, and
emission was detected at 617 nm.

Roots with appressed border cells and matrix were attached to a specimen
holder frozen in liquid nitrogen and imaged on a Hitachi TM3000 tabletop
scanning electron microscope. Environmental scanning electron microscopy of
border cells floating off seedling roots was performed using an FEI Quanta 600F
environmental scanning electron microscope at 6.5 Torr and 5°C. The root was
placed on a thin strip of agar with water droplets initially surrounding the
root tip.

Ruthenium Red at a concentration of 0.02% (w/v) in distilled water was
used to stain acidic pectins in mucilage and border cells released from seedling
roots. The roots were placed in a drop of stain on a microscope slide and
monitored for 20 to 30 min. Images were made using a Nikon Microphot-FX
once sufficient color developed.

Fungal Growth and Inhibition Assays

Cotton root rot cultures were grown at 28°C on sterile plates of 18 g L™
potato dextrose agar (PDA; 1 g L™ malt extract, 1 g Lt yeast extract,and 1 g Lt
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peptone). Fungal inhibition was assayed on PDA plates for 5 d. Flavonoid
molecules were redissolved in DMSO to make 25 and 5 mm stock solutions,
which were diluted to 1 mL with PDA medium to final concentrations of 0.5
and 0.1 mm. A 2-mm fungal plug of cotton root rot was incubated on the assay
plates, and fungal growth was recorded every 12 h starting at 48 h. The fungal
growth for each tested molecule was scored on a qualitative scale from 0 to 5,
with 0 as no growth and 5 as the most growth, by comparing with PDA-only
medium and the DMSO control (20 uL in 1 mL of PDA). Catechol at con-
centrations of 5 and 10 mm was used as a positive control. Formononetin,
which bears no antifungal activity, was used as the negative control. All ex-
periments were replicated four times.

Gene Expression Analysis

Border cells for each replicate were collected by gently agitating roots di-
rectly in Qiagen buffer RLT from approximately 150 to 200 seedlings. Root tips
were collected by agitating roots in water (detailed below in “Mass Spec-
trometry Analysis”), and the root tips (2-4 mm) minus border cells from 10
roots were excised and frozen immediately in liquid N,. Five whole roots were
excised from seedlings and frozen immediately in liquid N,. Three biological
replicates were performed for each tissue sample. Total RNA was isolated
using the Qiagen RNeasy Plant Mini Kit. RNA was quantified and evaluated
for purity using the Nanodrop Spectrophotometer ND-100 (NanoDrop Tech-
nologies) and Bioanalyzer 2100 (Agilent). Four micrograms of total RNA
was used for the expression analysis of each sample using the Affymetrix
GeneChip Medicago Genome Array (Affymetrix). Probe labeling, chip hy-
bridization, and scanning were performed according to the manufacturer’s
instructions for one-cycle labeling (Affymetrix). Data normalization between
chips was conducted using robust multichip average (Irizarry et al., 2003).
Presence/absence calls for each probe set were obtained using dCHIP
(Forkmann and Martens, 2001). Gene selections based on associative Student’s
t test (Dozmorov and Centola, 2003) were made using Matlab (MathWorks). A
selection threshold of 2 for transcript ratios and a Bonferroni-corrected P value
threshold of 8.15954E-07 were used (where the threshold was derived from
0.05/n, and 1 is the number of probe sets on the chip). The false discovery rate
of all significant genes was monitored with Q values obtained by EDGE
software (Storey and Tibshirani, 2003; Leek et al., 2006). Transcriptome data
were preprocessed independently and integrated using MapMan software
tools customized for Medicago spp. (Urbanczyk-Wochniak and Sumner, 2007).

Genes of interest were selected for further confirmation by qRT-PCR fol-
lowing the manufacturer’s protocols (Power SYBR Green; Life Technologies).
Total RNA was isolated as above, and primer pairs were designed using
Primer3 software and located in the same region of the gene as the microarray
probes whenever possible. LinRegPCR was used to assess amplification effi-
ciency, and the expression data were analyzed according to Czechowski et al.
(2004) for samples without a control. Ubiquitin and helicase genes were used
for normalization, as these were stably expressed in the microarray experi-
ments. The mean ratio of the two normalization genes was used to present the
data in Table I. A list of the primer pairs used for qRT-PCR is included in
Supplemental Table S2. The melting curves of all primer pairs except those for
B-amylase and citrate synthase showed amplification of a single product. The
curve for B-amylase showed a minor secondary product, and the curve for
citrate synthase also showed multiple products, but both were of satisfactory
quality for this purpose.

Mass Spectrometry Analysis

Border cells were collected by gently agitating roots in water for 30 to 60 s,
and an equal volume of methanol was added to stop enzyme activity during
drying. For the cotton root rot experiment, border cells were collected directly in
80% methanol and 20% (v/v) water. The border cells were frozen in liquid N,,
dried, ground in an Eppendorf tube, and extracted for 2 h in 80% methanol
and 20% (v/v) water containing 20 ug mL~! umbelliferone as an internal
standard. After border cells were removed, roots were rinsed in water and
root tips were excised and frozen in liquid N,. Whole roots containing border
cells and root tips were separated from the seedling hypocotyl and frozen in
liquid nitrogen. The secondary metabolite analyses consisted of three repli-
cates for each tissue. Samples were lyophilized, ground, and extracted with
80% methanol and 20% (v/v) water as above. Samples were centrifuged, and
the supernatant was analyzed by UPLC coupled to a Waters Premier hybrid
quadrupole time-of-flight mass spectrometer. Separations were achieved us-
ing a Waters Acquity UPLC, 2.1- X 150-mm BEH C18 column, mobile phases
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of 0.1% (v/v) aqueous acetic acid (A) and acetonitrile (B), and a linear gradient
of 95%:5% to 30%:70% eluents A:B in 30 min. The mass spectrometer was
operated in negative electrospray ionization mode. Raffinose was used as
the reference compound. Peak picking, alignment, and quantification were
performed using Waters MarkerLynx software. The cotton root rot samples
were examined using a Waters Acquity UPLC coupled with LECO'’s fast-
acquisition-speed Unique HT time-of-flight mass spectrometer operated in
negative electrospray ionization mode, followed by ChromaTOF software
deconvolution. All conditions for UPLC were as listed above, except that el-
uent A was 0.1% (v/v) formic acid in water. Compounds were normalized
relative to the internal standard, then to the total ion abundance. Metabolite
identifications were achieved via comparison of retention time and accurate
mass with those of authentic standards. Tentative identifications were per-
formed by matching experimental accurate mass data to those in plant meta-
bolite databases and public literature within a 5-ppm mass accuracy tolerance.

For GC-MS analyses, dried polar extracts were derivatized with methoxy-
amine hydrochloride in pyridine followed by trimethylsilyl derivatization using
N-methyl-N-trimethylsilyltrifluoroacetamide and analyzed as reported previ-
ously (Broeckling et al., 2005). Four replicates were performed. Mass spectra
deconvolution and metabolite identification were performed using AMDIS
software (http://chemdata.nist.gov /dokuwiki/doku.php?id=chemdata:amdis)
and a custom, in-house electron ionization-mass spectrometry metabolite li-
brary. Peak picking, alignment, and quantification were achieved using MET-
IDEA software (Broeckling et al., 2006; http:/ /bioinfo.noble.org/download).
Normalization was performed as described above.

Phytohormone analyses were based upon Pan et al. (2010), with some
modifications. Briefly, border cells were collected from 50 seedlings and frozen
in liquid nitrogen. Root tips without border cells were collected from the same
seedlings, frozen in liquid nitrogen, and ground to a fine powder. Ten milli-
grams of root tip tissue and all border cell tissue was extracted in 1 mL of
isopropanol:water:HCI (2:1:0.002) for 1 h at 4°C with 50 pmol of the deuter-
ated standards 2H5—IAA (C/D/N Isotopes), 2H6—SA (Sigma), 2H-JA (TCI), and
’H,-ABA (Icon). Dichloromethane at 0.5 mL was added to each sample, and
samples were shaken for another 30 min at 4°C. Samples were centrifuged,
and two phases formed. One milliliter of the bottom layer was transferred to a
2-mL glass vial, and the solvent was dried under nitrogen. The residue was
redissolved in 0.1 mL of methanol and diluted to 1 mL with 1% (v/v) acetic
acid. The solution was applied to a conditioned Waters Hydrophilic/
Lipophilic Balanced HLB column, and the column was rinsed with 1 mL of
1% (v/v) acetic acid. The rinse was discarded, and phytohormones were
eluted from the column using 1.8 mL of 80% methanol containing 1% (v/v)
acetic acid and collected in a 2-mL autosampler glass vial. Solvents were dried
under nitrogen and redissolved in 50 uL of 50% methanol in 1% (v/v) acetic
acid. Ten microliters was injected onto an Agilent 1290/6430 UHPLC/MS
TripleQuad system. Separations were achieved using a Waters Acquity
UPLC, 2.1- X 150-mm BEH C18 column with a mobile phase of 0.1% (v/v)
aqueous formic acid (A) and acetonitrile (B) and a linear gradient of 5% to 46%
(v/v) acetonitrile in 25 min. Phytohormones were detected and quantified
using multiple reaction monitoring as described (Pan et al., 2010). At least four
replicates were performed for each tissue.

Volatiles emitted from border cells, root tissues without border cells, and
seedlings without border cells were extracted using an SPME fiber and ana-
lyzed by GC-MS. Prior to the analysis, each sample was prepared in a 10-mL
glass vial. Border cells were collected from 100 seedlings into approximately
0.5 mL of water. The collected border cells were transferred into a 10-mL glass
vial, and the vial was tightly capped. For the analysis of root volatiles, the root
portion of 50 seedlings without border cells was placed inside a 10-mL glass
vial. The top part of the seedlings was covered with aluminum foil. The
analysis of volatiles from whole seedling minus border cells was conducted on
50 seedlings in a tightly capped 10-mL glass vial. A divinylbenzene/carboxen/
polydimethylsiloxane (50/30 um, 2 cm) SPME fiber (Supelco) was used to ex-
tract the headspace volatiles for 60 min at 30°C. SPME-absorbed volatiles were
desorbed at 250°C for 90 s in a splitless gas chromatography injector. Separation
of volatiles was achieved with an Agilent 6890/5973 GC-MS device equipped
with a 60-m-length, 0.25-mm-i.d., 0.25-um-film thickness fused silica capillary
column (DB-5; Agilent). Helium was used as the carrier gas with a flow rate of
1 mL min~". The column temperature was held at 40°C for 2 min and then
programmed at 5°C min~' to 250°C and held for 3 min. Mass spectrometry
conditions were as follows: ion source, 200°C; electron energy, 70 eV; quadru-
pole temperature, 150°C; GC-MS interface zone, 280°C; and scan range, 35 to
350 mass units. The SPME fiber was heated to 250°C for 20 min to remove
carryover between extractions, and three replicates of each tissue were ana-
lyzed. Hexanal was identified by its Kovats retention index and by comparison
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with the mass spectra of an authentic standard. The amount of hexanal was
quantified using a standard curve of hexanal as the external standard and
calculated on a per-plant basis.

Supplemental Data

The following supplemental materials are available.
Supplemental Figure S1. Microscopy of border cell and root tips.

Supplemental Figure S2. Ruthenium red staining of border cells and
mucilage.

Supplemental Figure S3. Starch granules in different root cell types.
Supplemental Figure S4. Iodine-stained seedling root.

Supplemental Figure S5. Border cell/whole root transcript ratios visual-
ized within MapMan.

Supplemental Figure S6. Overview of border cell and whole root tran-
script profiling results.

Supplemental Figure S7. Phytohormone analyses of roots.

Supplemental Table S1. Transcript data for border cells, root tips, and
whole roots.

Supplemental Table S2. Primer pairs for gRT-PCR.

Supplemental Table S3. Metabolomics data compliant with the Metabo-
lomics Standards Initiative.
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