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Premise of the study: Border cells, which separate from the root cap, can comprise >90% of carbon-based exudates released
into the rhizosphere, but may not provide a general source of nutrients for soil microorganisms. Instead, this population of
specialized cells appears to function in defense of the root tip by an extracellular trapping process similar to that of mammalian
white blood cells. Border cell production is tightly regulated, and direct tests of their impact on crop production have been
hindered by lack of intraspecies variation.

Methods: Border cell number, viability, and clumping were compared among 22 cotton cultivars. Slime layer “extracellular
trap” production by border cells in response to copper chloride, an elicitor of plant defenses, was compared in two cultivars
with divergent border cell production. Trapping of bacteria by border cells in these lines also was measured.

Key results: Emerging roots of some cultivars produced more than 20000 border cells per root, a 100% increase over previ-
ously reported values for this species. No differences in border cell morphology, viability, or clumping were found. Copper
chloride-induced extracellular trap formation by border cells from a cultivar that produced 27921 £ 2111 cells per root was
similar to that of cells from a cultivar with 10002 + 614 cells, but bacterial trapping was reduced.

Conclusions: Intraspecific variation in border cell production provides a tool to measure their impact on plant development in
the laboratory, greenhouse, and field. Further research is needed to determine the basis for this variation, and its impact on
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rhizosphere community structure.
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“The potential environmental consequences of exudation of
Cry proteins and differences in border cell numbers of cot-
ton requires further investigation.” (Knox et al. 2007, p. 89).

As roots of cereals and legumes penetrate the soil environ-
ment, root border cell populations separate from the root cap pe-
riphery by the action of endogenous plant cell wall degrading
enzymes (Wen et al., 1999). Border cells and their associated
extracellular matrix can produce >90% of the total mass of car-
bon-based material released as “exudates” from seedling roots
and may facilitate variable patterns of microbial colonization of
the rhizosphere (Lynch and Whipps, 1990; Odell et al., 2008;
Somasundaram et al., 2008b; Van Bruggen et al., 2002). Long-
standing models have assumed that these “sloughed” cells pro-
vide a nonspecific source of nutrients for any microorganisms
within close proximity to the root surface (Hawes et al., 1998).
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Instead, border cells exhibit distinct gene and protein expression
patterns that confer host—-microbe-specific properties that can
be stimulatory or inhibitory to bacteria, nematodes, and fungi
(Goldberg et al., 1989; Hawes and Pueppke, 1987; Zhu et al.,
1997; Brigham et al., 1998; Knee et al., 2001; Zhao et al., 2000b).
The cells can survive for extended periods after separation into
hydroponic culture or into the soil environment (Knudson, 1919;
Gautheret, 1933; Vermeer and McCully, 1982). Laboratory stud-
ies have implicated the cell populations in defense of the root tip
against parasitic nematodes, fungal and oomycete pathogens,
and metals including arsenic, boron, lead, copper, nickel, and
zinc (Hawes et al., 1998; Llugany et al., 2003; Wuyts et al., 2006;
Kopittke et al., 2011, 2012). Conversely, the cells appear to fa-
cilitate colonization by beneficial bacteria, mycorrhizal fungi,
and protozoa (Nagahashi and Douds, 2004; Gunawardena et al.,
2005; Somasundaram et al., 2008a; Jaroszuk-Scisel et al., 2009;
Hawes et al., 2012).

Recent studies have revealed that border cells function by a
mechanism that appears to be similar to that of mammalian im-
mune responses, in which extracellular DNA (exDNA) together
with antimicrobial proteins trap invading pathogens and inhibit
infection (Brinkmann et al., 2004, 2010; Hawes et al., 2011). As
with neutrophil extracellular traps (NETs), border cells export
exDNA and proteins that assemble into a matrix, which is elimi-
nated within minutes of adding DNase or protease (Wen et al.,
2007, 2009). Treatment of pea seedlings with DNase or protease
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during inoculation with soilborne fungal pathogens including
Fusarium solani £. sp. pisi and Phoma medicaginis eliminates the
normal root tip resistance to infection and results in an increase in
disease from mild local lesions in <5% of inoculated roots to se-
vere root rot in 100% (Wen et al., 2007, 2009).

Variation in border cell production by cultivars within the
same crop species is of interest for its potential use as a tool to
test the impact of border cells on root-rhizosphere interac-
tions in field conditions. Knox and coworkers (2007) were the
first to report significant intraspecies variation in border cell
production, in a survey of 14 cultivars of Gossypium hirsutum.
Conventional elite parent lines and their transgenic offspring
expressing the insecticidal Cry proteins from Bacillus thurin-
gensis (Bt) were compared. Border cells from transgenic lines
were found to produce and release Cry proteins into the extra-
cellular matrix. The potential impact of this trait on root system
properties was tested by comparing border cell numbers in
transgenic lines with those of the parental lines. In most cases,
daily production of several thousand cells per root was found,
with no significant differences between donor and parent lines
(Knox et al., 2007). In one cultivar, however, the elite parent
Sicot 189 used in the development of several transgenic culti-
vars including Sicot 189 Roundup Ready (189RR), individual
root caps yielded >10000 border cells.

Our primary goal for the present study was to determine whether
variation in border cell production could be detected among cotton
cultivars currently in production in the United States and whether
such differences are correlated with altered properties including
root growth and morphology and border cell viability, morphol-
ogy, and function. Two cultivars with divergent border cell pro-
duction were used to compare border cell responses to the plant
defense elicitor copper chloride (Cruickshank, 1963) and to bacte-
ria. Extracellular trapping of bacteria exhibits host—microbe speci-
ficity, but its significance in root-rhizosphere interactions is not
clear (Hawes and Pueppke, 1987). Two bacteria, identified as
Erwinia sp. and Bacillus sp., were found to predominate among
colonies isolated from surface-sterilized roots of greenhouse-
and field-grown cotton (Misaghi and Donndelinger, 1990). In
the present study, we found that Erwinia carotovora (Pecto-
bacterium carotovora) and Bacillus subtilis, are trapped within
minutes upon exposure to cotton border cells. We used this phe-
notype as a marker to measure cotton border cell trapping re-
sponses in two cultivars with divergent border cell numbers.

MATERIALS AND METHODS

Plant materials— Seeds of Gossypium hirsutum L. (upland cotton) and
G. barbadense L. (Pima cotton), Malvaceae; were surface sterilized for 5 min in
95% ethanol followed by 10 min in 0.5% sodium hypochlorite, then rinsed in six
changes of sterile distilled water. Seeds were germinated on 1% water agar over-
laid with sterile paper and incubated at 25°C until roots were 20-25 mm long
(24-36 h). Transgenic varieties, made available for this study by Ayman Mostafa
and Randy Norton, University of Arizona Cooperative Extension, were produced
by Dow AgroSciences (PHY499, PHY375, PHY565), Dyna-Gro (DG 2450),
Bayer CropScience (FM 2484, ST 5458, ST 4498), and Monsanto (DP 1032, DP
1044, DP 0949). In this paper, varieties that are commercially available and do
not have transgenic expression of Bt toxin are referred to as “conventional” culti-
vars (van Deynze et al., 2011). Root growth and development were measured as
described (Curlango-Rivera et al., 2010, 2013).

Enumeration of border cells—Border cells were isolated into suspension
and counted as described previously (Hawes and Pueppke, 1987; Hamamoto
et al., 2006). Seedling root tips (ca. 5-10 mm from the apex) were immersed
into 500 pL of sterile deionized water on a petri plate for 2 min and observed
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with a dissecting microscope as the cells dispersed from the tip. The water was
gently agitated with a pipet to disperse all the cells into suspension, which
was transferred to a microfuge tube. The plate was washed with 500 pL of
water to collect residual cells. Seedlings with discolored or damaged root tips
or root tips that had been exposed to free water (i.e., water droplets that dis-
perse border cells) were not included. Suspensions were agitated, and tripli-
cate counts from at least five replicate samples in at least three independent
experiments were enumerated by direct counts. Differences between cultivars
were analyzed using between-groups one way analysis of variance (ANOVA)
(Scheffe, 1999). Border cell viability was assessed based on observation of
cytoplasmic streaming in individual cells; at least 100 cells were evaluated
for each sample. The same protocols were used to screen 1365 pea (Pisum
sativum L., Fabaceae) cultivars for variation in border cell production (the same
cultivars were screened for resistance to crown gall as described by Robbs
etal. (1991).

Measurement of cotton border cell response to copper chloride—Seedling
root tips (as above) were observed as they were immersed in 100 puL of water,
or copper chloride (1 mmol/L and 3 mmol/L). After agitation to disperse border
cells into suspension, triplicate samples were examined at 5, 15, 30, and 60 min
and at 24 h to measure cell viability. At least three replicate samples with at
least 100 border cells for each of four independent experiments were evaluated.
Dimensions of the slime layer in at least 100 cells in each of at least three rep-
licate samples were measured by using india ink to visualize the size and shape,
as described (Miyasaka and Hawes, 2001).

Extracellular trapping of bacteria by cotton border cells—Trapping as-
says were carried out as described (Curlango-Rivera et al., 2011; Hawes and
Pueppke, 1987). Log phase bacterial cultures grown overnight in nutrient me-
dium were diluted in water to 10 bacteria per milliliter, then added to border
cell suspensions. Trapping of bacteria was measured by direct microscopic
observation. A trapping response was counted as positive when the border cell
surface was covered in immobilized bacteria. To confirm the role of exDNA
in the trapping process, DNase I (1 unit per 10 uL of plant-bacteria mixture)
was added to the sample and reversal of trapping (as in Fig. 1D) was con-
firmed by direct microscopic observation. Erwinia carotovora (Pectobacte-
rium carotovorum) and Bacillus subtilis strain 1085B (Cisneros et al., 2011)
were used as test organisms.

RESULTS

Border cell number in cotton cultivars—In the first line
tested, PHY499, an unusual abundance of border cell mucilage
was evident by direct observation upon immersion of the root
tip into water (Fig. 1). Within seconds, a mass of cells >2 cm in
diameter extended several centimeters up the root and beyond
the root apex and could be seen without microscopic magnifica-
tion. Mean border cell number per root tip was 27921 + 2111
(Table 1), a level not previously reported for any plant under
the conditions tested (Hawes and Pueppke, 1986; Hamamoto
et al., 2006). Nine additional transgenic lines from four differ-
ent producers were tested. PHY499 produced significantly
higher numbers of border cells than the other lines (F| 13 = 76,
P < 0.05). With the exception of PHY 375 and DP 1032 (F} 147 =
79, P < 0.05), mean cell numbers of the other transgenic lines
did not differ significantly (Table 1).

To ensure that our protocols for counting border cells were
congruent with those used by Knox et al. (2007), cell numbers
from conventional cultivars obtained from the CSIRO, Austra-
lian Cotton Research Institute in Narrabri, Australia in 1999
were measured for the present study. The mean number for
Sicot 189 (10783 £ 457) was virtually identical to the 11000 *
500 found for this cultivar by Knox et al. (2007). Sicala V-2
mean border cell number (9792 £ 1038) was not significantly
different from Sicot 189 (F; 453 = 0.765, P = 0.39). Mean border
cell number in Delta Topaz (18650 = 2077) was significantly
higher (Table 1) (F 149 =362, P <0.001).
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Fig. 1.
tip, 30 s after immersion into water. Size marker = 3 mm.

Mass of border cell-root cap mucilage covering a cotton root

Factors associated with variation in border cell num-
ber—One factor that could underlie the variation in number of
border cells is standard seed treatment of commercial cultivars
with fungicides (Olsen et al., 2011). For example, even a tran-
sient exposure of pea root tips to the antifungal phytoalexin pi-
satin triggers an overnight increase in production from 3988 +
420 to 7767 = 195 border cells per root (Curlango-Rivera et al.,
2010). A second factor is the possible expression of Bt toxin,
which was found in border cells of all the transgenic lines tested
by Knox et al. (2007). If either one or both factors play a role,
then roots developing from seeds without the Bt transgene or
fungicide treatment would be predicted to yield cell popula-
tions in the range documented previously (Knox et al., 2007).
To examine this prediction, six cotton varieties, including two
G. barbadense lines, were obtained from MRC Seeds, a com-
pany that guarantees their seeds to be free of fungicide treat-
ment and of genetic modifications. In each case, cell numbers
were within the range seen for the transgenic varieties (Table 1).
The results did not support the premise that Bt expression or
fungicide treatment in general underlies the variation in border
cell production reported here.

The use of different cultivars is an obvious factor that could
underlie the differences seen in border cell production. Seeds of
G. hirsutum cv. Acala 44 obtained from Margaret Essenberg,
Oklahoma State University, were tested in a 1986 survey and
found to yield 2900-3100 cells (Hawes and Pueppke, 1986), in
the range found by Knox et al. (2007) for most of their varieties.
For the present study, Acala 44 seeds harvested in 1984, 2008,
and 2011 were made available by the Crop Germplasm Station,
College Station, Texas. Yields of border cells were, respec-
tively, 4270 £ 1790, 10270 £ 1877 and 23 134 + 3564 cells per
root (Table 1) (F,;, =414, P <0.001).

Influence of border cell number on border cell morphology
and properties— Altered cell cycle dynamics and increased
carbon and energy involved in producing increased border cell
numbers could be predicted to affect root development as well
as border cell morphology, viability, and properties (Brigham
et al., 1998; Curlango-Rivera et al., 2010). No differences in
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TasLE 1. Yield and viability of root border cells from cotton.
Mean no. border

Cultivar cells/root (SE) Viability (%) Seed source?

Transgenic G. hirsutum
PHY 499 279212 (2111) 95-100 1
PHY 375 23521°(2077) 95-100 1
PHY 565 21417°(3350) 95-98 1
DG 2450 21585%(3022) 95-100 2
FM 2484 21909° (2645) 96-100 3
ST 5458 21430°(2189) 96-100 3
ST 4498 23400° (3754) 95-100 3
DP 1032 20406° (2985) 95-100 4
DP 1044 19216° (2417) 97-100 4
DP 0949 19 146P (2828) 95-100 4

Gossypium hirsutum
Acala 44 (1984)* 4270 (1790) 100 5
Acala 44 (2008)* 102704 (1877) 97-100 5
Acala 44°(2011)* 23 134% (3564) 91-100 5
MRC-5156 15345¢ (1921) 98-100 6
Chandan 183482 (1846) 98-100 6
Kundan 17849b (1287) 96-99 6
Buranda 16978 (2014) 95-100 6
Sicot 189 10002¢ (614) 100 7
Sicala V-2 97924 (1038) 100 7
Delta Topaz 18650% (2077) 96-100 7

Gossypium barbadense
Pima Long 20563%(2178) 100 6
Egyptian Fine’ 20287° (1578) 99-100 6

Notes: Sources of seed: Data for border cell numbers are means, with
standard errors in parentheses. Within a column, means followed by the same
letter do not differ (P > 0.05); those with distinct letters different significantly
(P < 0.05). Values for viability represent range for percentage of cells with
cytoplasmic streaming. (1) Dow AgroSciences; (2) Dyna-Gro; (3) Bayer
CropScience; (4) Monsanto; (5) USDA, ARS, Crop Germplasm Research,
College Station, TX 77845; (6) MRC Seeds Company, Houston, TX 770795);
(7) D. Nehl, CSIRO, Australian Cotton Research Institute, Narrabri, Australia
2390. Asterisk (*) denotes harvest date of seed lot. Seeds from nos. 1-4 were
made available by A. Mostafa and Randy Norton, University of Arizona
Cooperative Extension, Phoenix, AZ 85040.

rate of germination, growth, and development of roots were
detected among the tested lines (data not shown). Border cell
morphology also appeared to be unaffected among lines with
divergent cell production. Significant variation in clumping can
occur among border cells of some species and in some environ-
mental conditions (e.g., Endo et al., 2011). Among the cotton
lines tested, >95% of the border cells within populations sepa-
rated as single cells, with a few small clumps of 3-5 cells each.
No differences in cell clumping were found. Cell viability was
95-100% for all tested cultivars (Table 1).

Border cells produce a slime layer “trap”, that has been im-
plicated in protecting the root tip from damage by trapping met-
als including aluminum, lead, zinc, cadmium, nickel, copper,
and arsenic (Miyasaka and Hawes, 2001; Kopittke et al., 2011,
2012). Copper chloride, a standard elicitor of biochemical path-
ways involved in defense (Cruickshank, 1963; Carlson and
Dolphin, 1981), was used here to compare the ability of a con-
ventional and a transgenic cultivar with divergent cell produc-
tion (10783 £ 457 vs. 27921 £ 2111). to respond to metal
exposure by production of a slime layer. When placed into water,
border cells from Sicot 189 (Fig. 2A) and PHY499 (Fig. 2B)
dispersed within seconds as a population of single cells. Border
cell viability in both cultivars at time 0 and after 24 h was 100%
(328/328 and 417/417, respectively).
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Fig. 2. India ink staining to monitor slime layer (“extracellular trap”)
formation on individual border cells from root tips of conventional cultivar
Sicot 189 (left) and transgenic cultivar PHY499 (right) immersed for
(A, B) 20 min in water; (C, D) 1 mmol/L copper chloride; or (E, F) 3 mmol/L
copper chloride. (G, H) Increased dimensions of slime layers remained
stable after 24 h in 3 mM copper chloride. Size marker = 20 pm.

When placed into 1 mmol/L copper chloride, border cell ag-
gregation occurred instantaneously, such that detachment of the
cells from the root tip was delayed in both cultivars, and even
when dispersed by vigorous agitation, the cells primarily sepa-
rated in clumps of 8-20 cells. Single cells of both cultivars re-
sponded within minutes by production of a uniform slime layer
readily visible in response to india ink (Fig. 2C, D). The in-
duced slime layers were approximately the same diameter as
the cells (20 £ 1 um). The dimensions of the layer remained
stable over 24 h of observation even though the border cells
were no longer viable (Table 2).
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TasLe2. Diameter of extracellular slime layer induced by copper chloride
or water in border cells of two cotton cultivars at 15 min or 24 h after

treatment.

Time after treatment Sicot 189 PHY499
Water control

15 min negative®* negative

24 h negative negative
1 mmol/L CuCl,

15 min 220 um on 100% 220 um on 100%

24 h 220 pm on 100% 220 pm on 100%
3 mmol/L CuCl,

15 min 240 pm on 100% 240 pm on 100%

24 h 240 um on 100% 240 um on 100%

2>98% of cells had no slime layer when tested with india ink; ca. 2%
had a minimal (<2 pm in diameter) layer (as in Fig. 2A). Values for positive
responses are the diameter of slime layer surrounding each border cell.

In response to 3 mmol/L copper chloride, border cells did not
disperse readily into suspension but instead detached primarily
(>90%) as sheets containing dozens of aggregated cells enmeshed
within slime layers hundreds of microns in diameter and visible
to the naked eye (Fig. 3). Single cells of Sicot 189 (Fig. 2E) and
PHY499 (Fig. 2F) produced a uniform large slime layer (>40 um
in diameter) within 15 min, and the layer remained stable 24 h
later in both cultivars (Fig. 2G, H). No differences in border cell
responses from the two cultivars were identified.

Border cell trapping of bacteria by conventional cultivar
Sicot 189 vs. transgenic cultivar PHY499—Within 30 min of
adding Erwinia populations to border cells of Sicot 189, a 100%
trapping response had occurred (Fig. 4A—C). Every cell in the
population was enmeshed in a continuous layer of bacteria and
did not disperse even with vigorous agitation (Table 3). The
trapping remained in place after 24 h and was reversed by
DNase I; within 5 min of adding the enzyme, all cells were free
of bacteria (as in Fig. 4D).

Fig. 3.
slime layer (>100 um in diameter) induced in response to immersion for 2 min
in 3 mmol/L copper chloride. Size marker = 20 um.

India ink staining reveals a border cell aggregate with large
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TasLe 3. Number and percentage of total border cells of conventional cv.
Sicot 189 and transgenic PHY 499 with positive trapping response to
Erwinia carotovora or Bacillus subtilis 30 min and 24 h after bacteria

were added.
Sicot 189 PHY 499
Expt. No. positive/ Positive  No. positive/  Positive

no. Total no. (%) Total no. (%)

Erwinia
30 min 1 178/178 100 170/360 47
2 224/224 100 128/205 62
3 153/153 100 116/232 50
24 h 1 148/148 100 138/138 100
2 155/155 100 160/160 100
3 127/127 100 86/86 100

Bacillus
30 min 1 244/310 77 139/307 45
2 87/120 73 46/129 36
3 92/116 79 40/102 39
24 h 1 365/631 57 139/480 29
2 128/260 49 29/126 23
3 206/387 53 62/250 25

Note: A trapping response was counted as positive when an individual
border cell was covered in a layer of trapped bacteria, as seen in Fig. 4C,
4E (Curlango-Rivera et al., 2011).

There was a delay in maximum trapping of Erwinia in
PHY499 border cells, with 47-62% having a positive response
within 30 min. After 24 h, the responses were identical in both
cotton cultivars (Table 3).

In response to Bacillus, trapping by PHY499 border cells
was reduced by around 50%, compared with those of Sicot 189,
at 30 min and at 24 hours (Table 3). As with Erwinia, all trap-
ping was reversed within 5 min by the addition of DNase I.

DISCUSSION

Intraspecies variation in border cell number: Causes and
effects>—The root cap of higher plants is the primary source of
carbon-based material as young roots penetrate soil and establish
an incipient rhizosphere (Lynch and Whipps, 1990; Odell et al.,
2008). The impact of this carbon channeling on aboveground
processes is unknown, and direct information about how the cells
impact root development under natural soil conditions has re-
mained elusive in part due to lack of plant variants with divergent
production of border cells (Hawes et al., 2012). The availability
of within-species variation in cotton border cell number provides
an important tool to test the impact of their early delivery in the
soil environment on plant growth and development.

The basis for this variation is unknown and could include
environment, heredity, or both. Border cells are produced by a
dedicated meristem within the root cap, whose cell cycle activ-
ity is regulated independently of the adjacent apical meristem
(Guinel and McCully, 1987; Stephenson and Hawes, 1994;
Brigham et al., 1998; Hawes et al., 1998; Ponce et al., 2005;
Hamamoto et al., 2006). Cell number produced by a given root
tip within a 24-h period under controlled conditions was found
in early surveys to be conserved within families and to range
from several hundred for tobacco, tomato, and other solana-
ceous species to several thousand for cereals, legumes, and cu-
curbits (Hawes and Pueppke, 1986). An effort to identify
intraspecies variation within legumes by screening 1365 pea
lines (cultivars described by Robbs et al., 1991) for changes in
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Fig. 4. Assay for trapping of bacteria by border cells and reversal of
trapping by DNase treatment. Border cells were harvested as described and
mixed with Bacillus subtilis. Responses were monitored over time using
digital video imaging. Attachment of bacteria to a single border cell at (A)
12 min, (B) 22 min, and (C) 56 min is shown. (D) Reversal of attachment
is evident within 10 min after adding DNase 1. (E) After a recovery period
of 45 min, attachment is restored. Size marker = 20 um.

border cell number yielded negative results: no significant dif-
ferences were found (M. Hawes, unpublished data). Efforts to
create variants by altering expression of genes controlling bor-
der cell production or properties in each case yielded pleiotropic
or lethal phenotypes (Curlango-Rivera et al., 2010). Inhibiting
expression of a gene that controls the cell cycle in alfalfa yielded
plants with reduced border cell production and was correlated
with increased susceptibility to a fungal pathogen and reduced
nodulation by Sinorhizobium meliloti (Woo et al., 2004). How-
ever, root growth also was inhibited so effects of reduced bor-
der cell production were unclear.

Activation or suppression of cell cycle in the root cap mer-
istem leading to changes in border cell number can occur
in response to transient changes in environmental signals includ-
ing soluble metabolites, increased carbon dioxide, microbial
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colonization of roots, root age, availability of free water, and
soil type (Guinel and McCully, 1986; Zhao et al., 2000a; Ijima
et al., 2003; Odell et al., 2008; Somasundaram et al., 2008b;
Curlango-Rivera et al., 2010; Endo et al., 2011). The differ-
ences seen here could result from unknown differences in envi-
ronmental conditions of cultivation or harvest, seed treatments
or storage, and/or natural or directed selection for phenotypic
traits that also result in increased border cell numbers (Van
Deynze et al., 2011).

Border cells and resistance of cotton to root disease—
Border cells can be isolated within minutes as a population of de-
tached living cells whose phenotypes reflect specific genotypes of
the host plant (Hawes and Pueppke, 1986). As such, they comprise
a convenient system for analysis of dynamic cellular responses to
pathogens and other environmental stimuli under controlled
laboratory conditions (Goldberg et al., 1989; Guinel and McCully,
1986, 1987; Gochnauer et al., 1990). Cotton cultivars with altered
border cell number can be used in future studies to determine
whether such phenomena function in variable root—soil interface
properties and in crop performance in the field (Unruh and Silver-
tooth, 19964, b; Norton and Silvertooth, 1998). Of particular inter-
est are observations of differential resistance to fungal pathogens
including Verticillium and Fusarium (Bolek et al., 2005). Knox
et al., (2007) reported a limited correlation between border cell
number and Fusarium wilt resistance in Sicot 189. If border
cells play a significant role in protection of roots from fungal
infection, then cotton lines with increased border cell produc-
tion would be predicted to have a higher disease resistance index.

Bt toxin delivery into the soil environment by border
cells—In the present study, border cell viability, morphology,
and response to copper chloride were similar in a conventional
cultivar, Sicot 189, producing 10002 + 614 cells per root and a
transgenic line, PHY499, producing 27921 * 2111 cells per
root. However, reduced trapping of bacteria by individual
PHY499 border cells was apparent during 24 h of observation.
In previous studies, adding antibody to a single protein among
the >100 proteins secreted by border cells resulted in a signifi-
cant increase in Fusarium infection of pea root tips (Wen et al.,
2007). These data suggested that the border cell mucilage
comprises an organized multidimensional structure such that
altering a single component can significantly alter its function
in defense of the emerging root (Knee et al., 2001). All of the
transgenic Bt cotton cultivars evaluated by Knox et al. (2007)
were found to express Cry proteins in border cells and its asso-
ciated mucilage at varying levels among different cultivars. The
impact of this introduced protein in the rhizosphere is unknown,
but if border cells of the transgenic cultivars used here are found
to express Bt toxin, it would not be surprising if Bt toxin deliv-
ered into the mucilage affected surface properties important in
function(s) such as microbial trapping. Several recent studies
have surveyed Bt cultivars of rice, corn, and cotton and found
no significant impact on the chemistry and microbiology of the
rhizospheres (Li et al., 2011; Verbruggen et al., 2012; Wei et al.,
2012). By contrast, Chen et al., (2012) reported that repeated
cultivation of transgenic cotton significantly altered rhizosphere
microbiology and enzymology. A need for case-by-case analy-
ses of transgene expression and its effects on rhizosphere
biology has been emphasized (Bruinsma et al., 2003; Kabouw
et al., 2012). The possibility that such divergent outcomes are
influenced by altered patterns of border cell delivery of Cry
proteins will be of interest in future studies.

CURLANGO-RIVERA ET AL.—BORDER CELL PRODUCTION IN COTTON

1711

LITERATURE CITED

BoLek, V., A. A. BELL, K. M. EL-ZIK, P. M. THAXTON, AND C. W. MAGILL.
2005. Reaction of cotton cultivars and an F, population to stem inoc-
ulation with isolates Verticillium dahliae. Journal of Phytopathology
153: 269-273.

BrigHaMm, L. A., H. H. Woo, F. WEN, aND M. C. HAwEs. 1998. Meristem spe-
cific suppression of mitosis and a global switch in gene expression in the
root cap of pea by endogenous signals. Plant Physiology 109: 457-463.

BriNnkmANN, V., B. LAUBE, U. ABU ABED, C. GOOSMANN, AND A. ZYCHLINSKY.
2010. Neutrophil extracellular traps: how to generate and visualize
them. Journal of Visual Experimentation 36: 1724.

BRINKMANN, V., U. REICHARD, C. GoOSMAN, B. FAULER, Y. UHLEMANN, D. S.
WEIss, Y. WEINRAUCH, AND A. ZycHLINSKY. 2004. Neutrophil extra-
cellular traps kill bacteria. Science 303: 1532-1535.

Bruinsma, M., G. A. KowaLcHUK, AND J. A. VaN VEEN. 2003. Effects of
genetically modified plants on microbial communities and processes
in soil. Biology and Fertility of Soils 37: 329-337.

CarLsoN, R. E., anp D. H. DorpHIN. 1981. Chromatographic analysis of iso-
flavonoid accumulation in stressed Pisum sativum. Phytochemistry 20:
2281-2284.

CHEN, A.H., L. J. CHEN, AND Z. J. Wu. 2012. Relationships among persistence
of Bacillus thuringensis and cowpea trypsin inhibitor proteins, microbial
properties and enzymatic activities in rhizosphere soil after repeated
cultivation with transgenic cotton. Applied Soil Ecology 53: 23-30.

CIsNERroS, L. H., J. O. KESSLER, S. GaNGuLy, AND R. E. GoLpsTEIN. 2011.
Dynamics of swimming bacteria: Transition to directional order at
high concentration. Physical Review E: Statistical, Nonlinear, and
Soft Matter Physics 83: 061907.

CRUICKSHANK, I. A. M. 1963. Phytoalexins. Annual Review of Phyto-
pathology 1: 351-374.

CURLANGO-RIVERA, G., D. DucLos, J. J. EBoLo, aAND M. C. Hawes. 2010.
Transient exposure of root tips to primary and secondary metabolites:
Impact on root growth and production of border cells. Plant and Soil
332:267-275.

CURLANGO-RIVERA, G., T. PEw, H. D. VANETTEN, X. ZHONGGUO, N. YU, AND
M. C. Hawes. 2013. Measuring root disease suppression in response
to a compost water extract. Phytopathology 103: 255-260.

CURLANGO-RIVERA, G., Z. XIONG, J. O. KESSLER, AND M. C. Hawes. 2011.
Extracellular trapping of bacteria in plant defense responses: Dynamics
and specificity. Phytopathology 101: S40.

Enpo, I, T. TANGE, aND H. Osawa. 2011. A cell-type-specific defect in border
cell formation in the Acacia mangium root cap developing an extraordi-
nary sheath of sloughed-off cells. Annals of Botany 108: 279-290.

GAUTHERET, R. 1933. Cultures de cellules detachees de la coiffe. Comptes
Rendus Academie of Sciences Paris 196: 638—640.

GOCHNAUER, M. B., L. J. SEALEY, AND M. E. McCuLLy. 1990. Do detached
root cap cells influence bacteria associated with maize roots? Plant,
Cell & Environment 13: 793-801.

GOLDBERG, N. P., M. C. HAwEs, AND M. E. STANGHELLINI. 1989. Specific
attraction to and infection of cotton root cap cells by zoospores of
Pythium dissotocum. Canadian Journal of Botany 67: 1760-1767.

GuiNeL, E. C., anp M. E. McCuLLy. 1986. Some water-related physical
properties of maize root cap mucilage. Plant, Cell & Environment 9:
657-666.

GuINEL, F. C., aND M. E. McCuLLy. 1987. The cells shed by the root cap
of Zea: Their origin and some structural and physiological properties.
Plant, Cell & Environment 10: 565-578.

GUNAWARDENA, U., M. Robricuez, D. StranEy, J. T. Romeo, H. D.
VAaNETTEN, AND M. C. Hawes. 2005. Tissue-specific localization of
pea root infection by Nectria haematococca. Mechanisms and conse-
quences. Plant Physiology 137: 1363—-1374.

Hamamoro, L., M. C. Hawes, anp T. L. RosTt. 2006. The production and
release of living root cap border cells is a function of root apical mer-
istem type in dicotyledonous angiosperm plants. Annals of Botany 97:
917-923.

Hawes, M. C., L. A. Brigiam, F. WEN, H. H. Woo, anp Y. ZHu. 1998.
Function of root border cells in plant health: Pioneers in the rhizo-
sphere. Annual Review of Phytopathology 36: 311-327.



1712

Hawes, M. C., G. CURLANGO-RIVERA, F. WEN, G. J. WHITE, H. D. VANETTEN,
AND Z. XioNG. 2011. Extracellular DNA: the tip of root defenses?
Plant Science 180: 741-745.

Hawes, M. C., G. CURLANGO-RIVERA, Z. XIONG, AND J. O. KESSLER. 2012.
Roles of root border cells in plant defense and regulation of rhizo-
sphere microbial populations by extracellular DNA ‘trapping’. Plant
and Soil 355: 1-16.

Hawes, M. C., anp S. G. Pueppke. 1986. Sloughed peripheral root cap
cells: Yield from different species and callus formation from single
cells. American Journal of Botany 73: 1466—1473.

Hawes, M. C., anp S. G. Pueppke. 1987. Correlation between binding
of Agrobacterium tumefaciens by root cap cells and susceptibility of
plants to crown gall. Plant Cell Reports 6: 287-290.

Iima, M., P. W. BarLow, anp A. G. BencoucH. 2003. Root cap struc-
ture and cell production rates of maize roots in compacted sand. New
Phytologist 160: 127-134.

Jaroszuk-SciseL, J., E. Kurek, B. Ropzik, anp K. WiNiarczyk. 2009.
Interactions between rye (Secale cereale) root border cells (RBCs)
and pathogenic and nonpathogenic rhizosphere strains of Fusarium
culmorum. Mycological Research 113: 1053-1061.

Kasouw, P., N. M. van Dam, W. H. vaAN DER PUTTEN, AND A. BIERE.
2012. How genetic modification of roots affects rhizosphere pro-
cesses and plant performance. Journal of Experimental Botany 63:
3475-3483.

Kneg, E. M., E-C. GonGg, M. S. Gao, M. TepLETsKI, A. R. JonEs, A.
FoxworThy, A. J. Mort, AND W. D. Baugr. 2001. Root mucilage from
pea and its utilization by rhizosphere bacteria as a sole carbon source.
Molecular Plant-Microbe Interactions 14: 775-784.

Knox, O. G. G., V. S. R. Gurra, D. B. NEHL, AND W. N. STiLLER. 2007.
Constitutive expression of Cry proteins in roots and border cells of
transgenic cotton. Euphytica 154: 83-90.

Knubson, L. 1919. Viability of detached root cap cells. American Journal
of Botany 6: 309-310.

KorIitTKE, P. M., M. D. DE JONGE, N. W. MENZzIES, P. WANG, E. DONNER, B.
A. McKENNA, D. J. PATERSON, ET AL. 2012. Examination of the dis-
tribution of arsenic in hydrate and fresh cowpea roots using two- and
three-dimensional techniques. Plant Physiology 159: 1149-1158.

Korittke, P. M., N. W. MEenzies, M. D. pE JonGE, B. A. McKENNa, E.
DoONNER, R. I. WEBB, D. J. PATERSON, ET AL. 2011. In situ distribution
and speciation of toxic copper, nickel, and zinc in hydrated roots of
cowpea. Plant Physiology 156: 663-673.

L, X.G.,,B.A. Ly, J. J. Cui, D. D. L, S. A. DiNG, B. GiLNa, J. Y. Luo,
ET AL. 2011. No evidence of persistent effects of continuously planted
transgenic insect-resistant cotton on soil microorganisms. Plant and
Soil 339: 247-257.

Lrucany, M., A. LomBinI, C. POSCHENRIEDER, E. DINELLI, AND J. BARCELO.
2003. Different mechanisms account for enhanced copper resistance
in Silene armeria ecotypes from mine spoil and serpentine sites. Plant
and Soil 251: 55-63.

LyncH, J. M., AND J. M. WHipps. 1990. Substrate flow in the rhizosphere.
Plant and Soil 129: 1-10.

MisacHhr, 1. J., anp C. R. DoNNDELINGER. 1990.  Endophytic bacteria in
symptom-free cotton plants. Phytopathology 80: 808—811.

Mivasaka, S. C., aNpD M. C. Hawes. 2001. Possible role of root border cells
in detection and avoidance of aluminum toxicity. Plant Physiology
125: 1978-1987.

NacaHnasHI, G., AND D. D. Doups. 2004. Isolated root caps, border cells,
and mucilage from host roots stimulate hyphal branching of the arbus-
cular mycorrhizal fungus, Gigaspora gigantea. Mycological Research
108: 1079-1088.

NortoN, E. R., aND J. C. SiLveErTOOTH. 1998. Field validation of soil solute
profiles in irrigated cotton. Agronomy Journal 90: 623-630.

OpELL, R., M. R. DumrLao, D. Samar, anp W. K. Sik. 2008. Stage-
dependent border cell and carbon flow from roots to rhizosphere.
American Journal of Botany 95: 441-446.

OLsEN, M., C. Niscuwirz, AND R. NortoN. 2011. Effects of seed treat fun-
gicides and seed vigor on cotton seedling stand and yield in south-
eastern Arizona in 2009 and 2010. Arizona Cotton Report (P-161).
Cooperative Extension, Agricultural Experiment Station, University

AMERICAN JOURNAL OF BOTANY

of Arizona, Tucson, Arizona, USA; U.S. Department of Agriculture,
Washington, D.C., USA.

Poncki, G., P. W. BarLow, L. J. FELDMAN, AND G. I. CassaB. 2005. Auxin
and ethylene interactions control mitotic activity of the quiescent
centre, root cap size, and pattern of cap cell differentiation in maize.
Plant, Cell & Environment 28: 719-732.

Rosss, S. L., M. C. Hawgs, H.-J. LiN, S. G. PuepPkE, anND L. Y. SMITH.
1991. Inheritance of resistance to crown gall in Pisum sativum. Plant
Physiology 95: 52-57.

Scherrg, H. 1999. The analysis of variance. Wiley, New York, New York,
USA.

SOMASUNDARAM, S., M. BoNkowskI, AND M. Tiiima. 2008a.  Functional role
of mucilage-border cells: a complex facilitating protozoan effects on
plant growth. Plant Production Science 11: 344-351.

SoMASUNDARAM, S., S. FukuzoNo, AND M. IniMA. 2008b.  Dynamics of root
border cells in rhizosphere soil of Zea mays L.: Crushed cells during
root penetration, survival in soil, and long term soil compaction effect.
Plant Production Science 11: 440-446.

STEPHENSON, M. B., AND M. C. Hawes. 1994. Correlation of pectin methy-
lesterase activity in root caps of pea with root border cell separation.
Plant Physiology 106: 739-745.

UnruH, B. L., anp J. C. SiLvERTOOTH. 1996a. Comparisons between an
upland and a pima cotton cultivar. 1. Growth and yield. Agronomy
Journal 88: 583-589.

UNRUH, B. L., anDp J. C. SiLVERTOOTH. 1996b. Comparisons between an
upland and a pima cotton cultivar. 2. Nutrient uptake and partitioning.
Agronomy Journal 88: 589-595.

VaNBRUGGEN, A. H. C., A. M. SEMENOV, AND V. V. ZELENEV. 2002. Wavelike
distributions of infections by an introduced and naturally occurring root
pathogen along wheat roots. Microbial Ecology 44: 30—48.

VaN DEYNZE, A. E., R. B. HUTMACHER, AND K. J. BRADFORD. 2011. Gene
flow between Gossypium hirsutum L. and Gossypium barbadense L.
is asymmetric. Crop Science 51: 298-305.

VERBRUGGEN, E., E. E. KURAMAE, R. HILLEKENS, M. DE HOLLANDER, E. T. KIERs,
W.F.M. RoLING, G. A. KowALcHUK, AND M. G. A. VAN DER HEIDEN. 2012.
Testing potential effects of maize expressing the Bacillus thuringien-
sis Cry1Ab endotoxin (Bt maize) on mycorrhizal fungal communities
via DNA- and RNA-based pyrosequencing and molecular fingerprint-
ing. Applied and Environmental Microbiology 78: 7384-7392.

VERMEER, J., AND M. E. McCurLy. 1982. The rhizosphere in Zea: New
insight into its structure and development. Planta 156: 45-61.

WEI, M., F. Tan, H. Znu, K. Cueng, X. Wu, J. WanG, K. ZHAO, AND
X. Tang. 2012. Impact of Bt-transgenic rice (SHK601) on soil eco-
systems in the rhizosphere during crop development. Plant, Soil and
Environment 58: 217-223.

WEeN, F., H. D. Van EtTEN, G. TsaipraiLis, aNpD M. C. Hawes. 2007.
Extracellular proteins in pea root tip and border cell exudates. Plant
Physiology 143: 773-783.

WEeN, F., G. J. WHitE, H. D. VANETTEN, Z. Xi0NG, AND M. C. HAwES. 2009.
Extracellular DNA is required for root tip resistance to fungal infec-
tion. Plant Physiology 151: 820-829.

WEeN, F., Y. ZHu, ANp M. C. HawEs. 1999.  Effect of pectinmethylesterase gene
expression on pea root development. The Plant Cell 11: 1129-1140.
Woo, H.-H., A. M. HirscH, AND M. C. Hawes. 2004. Altered susceptibility
to infection by Sinorhizobium meliloti and Nectria haematococca in

alfalfa roots with altered cell cycle. Plant Cell Reports 22: 967-973.

Wuyrs, N., Z. T. Z. MAaUNG, R. SWENNEN, AND D. DE WAELE. 2006.
Banana rhizodeposition: Characterization of root border cell produc-
tion and effects on chemotaxis and motility of the parasitic nematode
Radopholus similis. Plant and Soil 283: 217-228.

ZHao, X., 1. J. MisacHi, AND M. C. Hawes. 2000a. Stimulation of border
cell production in response to increased carbon dioxide levels. Plant
Physiology 122: 181-188.

Zuao, X., M. Scamritt, anp M. C. Hawes. 2000b.  Species-dependent
effects of border cell and root tip exudates on nematode behavior.
Phytopathology 90: 1239-1245.

Zuu, Y., L. S. PiErsoN, AND M. C. Hawes. 1997. Induction of microbial
genes for pathogenesis and symbiosis by chemicals from root border
cells. Plant Physiology 115: 1691-1698.



