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Summary-Seedlings of Arabidopsis thaliana, Columbia ecotype, were used in vitro to analyze root hair
growth response to inoculation by the plant-growth-promoting rhizobacterium, Azospirillum brasilense
F-245. Root hair length was measured at physiologically-identical stages of root growth. In seedlings
inoculated with A. brasilense, root hairs were more than twice the length of those of the non-inoculated
control. This effect was consistent, reproducible and independent of N or C sources in the growth medium
(although root growth was significantly suppressed in C-starved seedlings). Root hair growth promation
was similar in media with or without 1 % sucrose. Although root hair length of non-inoculated seedlings
growingin the presence of various amounts of potassium nitrate (0-20 mm) was affected, it was significantly
lower than that caused by inoculation with A. brasilense. We propose that A. brasilense inoculation affects
the size of individual root hairs of Arabidopsis plantsin vitro.

INTRODUCTION

Free-living associdive diazotroph becteria have been
conddered posshle agents for the improvement of
plant growth. However, the mechanisms involved
have yet to be daified in many cases (Doberener,
1989; Michids & al., 1989; Bashan and Levanony,
1990). One of thexe bacteria Azospirillum, can
asociage and enhance plant growth of Poacese
(Graminege) and dso Solanecese (Hades and  Okon,
1987; Bashen e al., 1989, b), Fabacese (Bashan et
a., 1990; Gamo and Alm, 1991), Cucurbitacese

(Gamo, 1991), Cactacese (MescauaEsparza et al.,
1988, Puente and Bashen, 1993), Chenopodiacese
(Sha & a., 1985 Gamo and Ahn, 1991),

Convolvulecese (Crossmen and  Hill, 1987), Fegacese
(Zaady e al., 1993) and Brassicacese (Saha & al.,
1985, Rao & al., 1990; Gamo and Alm, 1991). Since
it appears that the plant-Azospirillum association is
not bacteriaplant specific (Bashan et al., 1989, it
should be possble to deveop a smple modd for
ressarch into mechanisms involved in postive plant
responses to inoculaion. One such modd system is
the plant Arabidopsis thaliana (Brassicaceag) which
has advantages such as smdl sze, smple dructure,
smple genetic organizetion and extensve literaure
defining many aspects of the plant growth and
morphogeness of this plant under experimenta
conditions (Bowman € al., 1988 Schifdben and
Benfey, 1991).

* Author for correspondence.

Two components in the medium for growing
Arabidopss in vitro can affect the establishment of a
plant-bacteria  association, namey N and C sources
The N concentretion in the media affects the N
metabolism of Azospirillum (Pedrosa, 1988) as well as
plant growth. Glucose or sucrose are normaly used as
a C source for Arabidopsis cultivated in vitro (Wilson
e a., 1990, Meinke, 1992). Azospirillum does not
grow on media containing these compounds as the sole
C source (Pedrosa, 1988), however actively-growing
roots in these media excrete various C sources in root
exudates metabolized by rhizosphere bacteria  (Curl
and Trudove, 1986) which may affect the functioning
and efficency of the root-bacteria  association.
Consequently, it is important to find C and N
combinations which do not intefere with the
association and are optimal for plant response in vitro.

Our objectives were: (i) To develop a smple system
for seed inoculation and the subsequent observation
and measurement of root and root hair growth of
Arabidopss seedlings without damaging the plant root.
(i) To messure the root har growth as a response to
inoculation with  Azospirillum  braslense. (i) To
determine whether the N and C contents of the media
have any effect on this response.

MATERIALS AND METHODS
Pant materid and growth conditions

Sexds of Arabidopss thaliana (L.) Heynh., Colum
bia ecotype (Col-0) were surface gerilized for 10 min
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in a solution containing commercid bleach (5.25% of
sodium  hypochlorite) and 1 m m? of 20%
Triton-X-100 mi™, then thoroughly washed with sterile
digilled water. A special seed deility test was not
made because when the sugpenson of homogen-
ized inoculated roots in PBS (see the subsection Root
colonization) was plated on nutrient agar (Difco), there
was no contamination. Furthermore, during the
incubation of seeds and seedlings on plant nutrient
media, no contamination was recorded ether with or
without sucrose. Seeds were suspended in 0.05%
agaox (Litex, Denmak), and a drop of this
suspension containing 12-15 seeds waes placed in a
plagic Petri plate (90 mm dig) containing 5 ml of ager
medium. Under aseptic conditions with a microbio-
logicd loop, the seeds were carefully aranged in a line
without damaging the agar surface. Plates were seded
with parafilm and kept in a controlled grovvth chamber
at 23+0.5°C under congtant light of 55 nE mi s

The plant nutrient medium described by  Wilson
e al. (1990) wes used with minor modifications.
The medium contaned 25 mv KH,PO4;, 2 mMm
MgS0,4.7H,0, 2 mM CaCly, 50 nM FeEDTA, 70 nm
H3BOs, 14 MM MnCl,, 0.5 MM CuSO,4, 1 M ZnSOy, 0.2
mv NaMoO,, 10 nM NaCl, 001 nM CoCl, and 8 g I*
of "plant-cdl-culture-tested-agar”  (Sgma).  Concent
trations of KNO3z and sucrose in the medium varied and
ae indicaed for esch experiment. Medium pH was
adjused to 5.6 with KOH. Unless otherwise indicated,
dl chemicds were of andyticd grade from Sgma
Chemica Co. (St Louis, Mo., USA.).

Bacterial culture and plant inoculation

A braslense $-245 was grown in nutrient broth
® g 1Y) (Merck) under rotay  agjtation (180 rev
min~) for 16 h a 30°C, then 18 ml of bacterid
suspension were trandferred into  derile vids, mixed
with 0.2 ml glycerol (find concentration 10%, viv) and
dored in the freezer a -40°C. For each experiment,
2 ml of this stock culture were transferred into 125 ml
Erlenmeyer flasks containing 25 ml of nutrient broth
(8 g 1Y and cultivaed for 23 h under the same
conditions as the origind culture. After washing twice
in 60 mm phosphate buffer (pH 7.0), bacteria were
resuspended in the liquid plant nutrient medium
without KNO3; and sucrose (pH 56) and ther
concentration was _adjusted to densties ranging from
2 x 10° to 2 x 10" cfu m™. The same medium, but
without the bacteria, was used as control.

Plated seeds were left on the agar surface for at lesst
20 min, then inoculaed with 150 m of bacterid
suspenson which were spread over the seeds with a
pipette. Then, the Petri plates were seded with
Parafilm and left for 24 h in a horizontal postion
before being postioned verticaly, where  they
remaned for the duration of the experiments. All
experiments were carried out under sterile conditions.

Bacteria surrounding seeds and seedling roots were
routindy ingpected by light microscopy and were
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found to be matile and dive for a least 10 days,
usudly located in close proximity to the root surface
(datanot shown).

Observations and measurements of root and root hair
lengths

The term "root hair growth" in the text only refers
to an irreversble increase in the length of a root hair
after the beginning of its emergence.

An edablished mehod for the andyss of
plant-bacteria associations is the Fahraeus technique,
where seedlings grow between two dide assemblies
(Fahreeus, 1957, Umdi-Garda et a., 1980). The
mgor drawbacks of this system are (i) root hairs can
be essily damaged during the transfer of seedlings to
the assemblies and (ii) derile materid is contaminated
after one observation. For morphological  observations
of root response to inoculation, it seemed more
appropricte to plate seeds on an agar surface and
obsarve inoculated seedlings through the agar layer

using an inverted microscope,  without  any
mechanica  interference and  without  contamination.
Therefore, dl of our messurements were made on

seedling roots growing on the surface of an agar layer
in Petri plates. Two days after the stat of seed
imbibition (ASl), 7-10 seedlings per plae with
approximately equa root lengths of 1-2 mm were
sected in dl treatments, numbered and used for
messurements.  Root  hair  lengths were  measured
through the agar layer with an ocula-micrometer
under an inveted D microscope (Zess, Germany) a
x 100 megnification. Root lengths a day 2 AS were
measured in the same way. After day 2, root lengths
were measured under a gtereoscopic microscope with
amillimeter scale.

To etdimae the root hair length, we used two
methods  an individud root har mehod and a
random group method. The individud root hair meth
od conssted of the following. At the beginning of day
3 ASl, the youngest root hair was measured. Then, 24
and 48 h later, we measured the root har which was
located in the same postion and at the same distance
from the basd root border (determined by the location
of the most basd root hars). Preiminary tests
confirmed that the youngest root hairs (25-30 nm in
Sze) were located above the dongaing zone. This
method was aso applied to the measure-ments of the
most basal (oldest) root hairs. Using this approach,
only one root hair from each of the 710 roots in each
treatment was measured in each experiment.

The other method of measuring root hair growth
was a random group method. Root hairs which began
their emergence a day 2 AS were the most basa root
hairs. Root hairs completed ther growth within 24 h
(see the Results section). So, root hairs which began
their emergence, for example, & day 3 were measured
a dy 4 or & day 7, a a digance from the
radide-hypocotyl border equa to the root length at
day 3. Using this random group method &t a particular
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Fig. 1. Non-inoculated (A) and inoculated (2 x 107 cfu mi™) seedlings of A. thaliana, growing on medium
with 5 mM KNOs, without sucrose, 45 h ASI. Bar= 400 nm.
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distance from the root base, 5 sequentid root hairs were
meesured in each of the 5 roots in each treatment, at
each time of initiation in each experiment.

Root colonization

After  inoculation of Arabidopss seed a an
inoculum concentration of 23 x 10' cfu m™ (which
corresponds  to 345 x 10° cfu 15 seeds') and
incubation under identicd conditions of root har
promotion experiments, the roots of 5 seedlings from
eech plate (in triplicate) were homogenized in 1 ml PBS
by a Teflongass mechanicd homogenizer on ice
The durry underwent light sonication (ultrasonic
homogenizer 4710, Cole Pdme Ingruments, U.SA.)
for 3 min a 20 W on ice to detach A braslense cdls
from root debris This sonication is harmless to
Azospirillum  cels (Bashan and Levanony, 1989).
Then, the durry was decimdly diluted in PBS and the
bacteria were counted by a conventiona plate count
method on nutrient agar after 48 h a 30°C. Reaults are
presented as cfu mm’ root because the miniature
dimendons of Arabidopss seedling roots did not alow
precise dry weight determinations.

Satidtical analysis
Each experiment waes repegted a least four times.
Reallts were andyzed using oneway ANOVA (LSD

tet a P£00lL and P£ 005 and Student's t-test at
P£ 0.05.

RESULTS

Azospirillumand root hair growth

At day 2 AS, differences in root hair length between
non-inoculated  (control) and inoculated seedlings  of
Arabidopsis, growing on medium containing 0O, 05 or
5 mm of KNO; without sucrose, were observed. Root
hairs in inoculated seedlings were much longer than in
non-inoculated seedlings (Fig. 1). Root hair  growth
response was more condgent a the inoculation level
2 x 10" du m™? than & 2 x 10° du m™. In the
following experiments, the inoculation a this higher
levd was andyzed. Root hars in both non-inoculated
and inoculated seedlings  completed their growth
within the firg 24 h after emergence. No further
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Fig. 2. Arabidopsis root growth in non-inoculated (control,
O and V) and inoculated (2 x 10° cfu mi, @ and V)
seedlings, growing on media without sucrose or with 1%
sucrose, both with 0.5 mm KNO;. Combined data of two
experiments. MeantSE (n=15). Where the SE is not
indicated, it was smaller than the symbol size. Points denoted
by different letters at the same day are statistically different
at P £ 0.05in Student's t-test.

growth was observed when evduaed
individua root hair method (Fig. 3).

laer by the

Effect of sucrose on the promotion of root hair growth
by A. brasilense

Root growth in seedlings growing in media with 05
mm KNOzwithout sucrose cessed a day 4 (Fig. 2) with
no difference in root length between non-inoculated and
inoculaed seedlings (P £ 005 Sudents t-test).
However, in media with 1 % sucrose, roots grew
throughout the experiment (10 days); roots of
inoculated seedlings were dgnificantly  longer  than
those of the control a days 6 and 8 ASl (P £ 0.05
Student's t-test). Root growth curves are presented in

Fig. 2.
Find root har length in  inoculated seedlings
growing in  media without sucrose ranged from 213

to 2.89-fold grester than non-inoculated seedlings

Tablel. Fina root hair length and root colonization of Arabidopsis roots inoculated by A.
brasilense §-245 growing on media at two concentrations of KNO3; without sucrose (controls were
not inocul ated)

Colonization level

KNO; Control Inoculation Proportional (x 10° cfu
(mMm) Day* (mm) (mm) increase (mm root length)™%)
05 2 277+12af 624+25b 2.25 9.0+1.7

3 269+18a 574+33b 213 6.1+0.8
5 2 258+12x 647+30y 251 4.4+0.2

3 179+13x 518428y 2.89 10.5£1.3

*Day from the start of seed imbibition at which emergence of measured root hairs began.

M easurements were done at day 4.

tMean + SE (n=50). Means at the same concentration of KNO; denoted by different letters are
significantly different at P<0.01 in one-way ANOVA. Data from two of six independent
representative experiments. Colonization data from 3 determinations per value, 5 roots per

determination.
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Table 2. Final root hair length (,um) of Arabidopsis seedlingsroots
growing in medium supplemented with sucrose (1%) and KNOs (05
mM) and inoculated with A. brasilense $-245

Non-inoculated  Inoculated Proportional
Days* (mm) (nm) increase
2 548+20at 890+33b 1.62
4 530+36a 1038+47c 1.96
7 576+39a 1160+78c 201

*Days from the start of seed imbibition at which emergence of
measured root hairs began. M easurements were performed at day
8.

tMeans denoted by different letters differ significantly at P<005in
one-way ANOVA. MeanstSE (n=50). Datafrom two experiments.

(Table 1 and Fg. 3). The improvement of root hair
growth was condstent and was observed for the first
root hairs initisted & day 2 ASl and for root hairs
initigted & day 3 AS. A dmilar phenomenon weas
obsarved in  seedlings growing in medium  sup-
plemented with 1 % sucrose (Table 2). This effect was
adso conggent. Root hairs which began ther
emergence  immediady after  seed germindgion a day
2 ASl, and root hairs that emerged kter & days 4 and
7 ASl  responded Smilarly to inoculation.  However,
the effect was more pronounced for root hairs that
emeged a days 4 and 7 ASl. The didribution of root
hars dong the roots was smilar in inoculaed and
non-inoculated seedlings (data not shown).

Effects of KNOs on root hair growth and colonization

The messurement of find root har lengths by the
random group method demondrated that in seedlings
growing on media with 05 or 5 mv KNO; without
sucrose, root hairs which began their emergence both at
days 2 and 3 AS wee sdgnificantly longer when
inoculated by Azosirillum (Table 1). However, root
hairs which began ther emegence & day 3 had a
tendency to be shorter than at day 2 because root growth
hed dowed down. The concentration of N did
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Fig. 3. Root hair growth in control (O) and inoculated (2 x
107 cfu mit, W) seedling of Arabidopsis growing in media
without sucrose. Measurements by individual root hair
method. Combined data of two experiments. Mean + SE

(n=15).

not affect root hair growth promotion induced by
Azospirillum  (Table 1). The colonization  of
Arabidopsis roots by A brasilense was redively low.
From »3 x 10° bacteria applied to the seeds only
»(6-9x10° cfu were atached to 1 mm of roots or
»16 x 10° per 15 seedlings in the plate (on average).
At low nitrate concentration, the bacteria survived
from day 2 to day 3 but did not multiply. In medium
containing 5 mM nitrate, the bacteria multiplied on
roots, but the numberswereaso low (Table 1).

To further evduate the role of N aone in root hair
growth, the find size of root hairs was recorded when
seedlings grew in media with various concentrations of
KNO; supplemented with 1 % sucrose. The concen-
tration of nitrate affected the find size of the root hairs
but & a low magnitude (Table 3); the mean varied less
than 32% (from a minimum of 253 mm at 0 Ny KNO;3
to a maximum of 334 mMm a& 5 mv KNOj3) compared
with an gpproximatdly 1.5 to 2.5-fold increese in the
cas=s of becteria inoculation (compare Tebles 1 and 2
to Table 3).

The nitrate concentration in the medium had no
significant effect on root growth until day 4 ASl. At
day 6, root growth only decreased dightly in media
without N, and by day 10 dgnificant effects on root
length were recorded (Fig. 4).

DISCUSSION

The individud root har method showed that
Azospirillum promoted root hair growth by a least
2fold (Fig. 3). Snce root hars reached ther fina
length within 24 h after emergence, root hairs which
began emergence & day n were messured by the
random group method a day n + 1. In dl cases, results
obtained by the individud root har method were
confirmed by the random group method (Tables 1 and
2).

The role of plant growth hormones in root hair
formaion is known (Cormack, 1949). Azospirillum
has the ability to synthesize auxins (Tien et al., 1979,
Jan and Pariquin, 1985, Horemans e al., 1986,
Zimmer ¢ 4., 1988, 1991; Fdlik e al., 1989),
gibberdlins (Bottini et al., 1989) and cytokinins (Tien
e d., 1979, Horemans & al., 1986) which could
modify root developmentd and growth processes,
including root hair morphogenesis. It is posshble that
one or more of these hormones ae involved in
increasesin roat hair growth in Arabidopsis.

Nitrate concentration in  the medium dightly
increesed  root  hair growth, but the effect of
Azogpirillum  was condderably  stronger  (compare
Tables 1-3). It is possble that some features of
bacteril N metabolism are involved in plant growth
regponse. Bacterid nitrate reductase activity may be
one such property of Azospirillum (Ferera e al.,
1987). Nitrite formed by nitrate respiration of
Azospirillum partidly replaces auxin activity (Zimmer
et al., 1988) and is a posshble factor involved in the
promotion of root hair growth.
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Table 3. Final root hair length (mm) in Arabidopsis seedlings growing at various concentrations of KNO3 in
medium supplemented with 1% sucrose

KNO; (mM)
0 05 1 2 5 10 20
253+ 12a 319+ 18cde 358+ 15e 291+ 14abc 334+ 15de 300+ 18bcd 276+ 13ab

Mean + SE (n =50). Means followed bK different letters differ significantly at P £ 0.05in onewa¥ ANOVA.

Measurements of the length of root
group method at day 7 ASl.

Root hair growth and root growth are coordinated in
plants. For example, in plants with "cytokinin root
syndrome’ (Su and Howdl, 1992), root growth is
inhibited, but root hair growth is promoted. Thus, to
evaluate root hair growth it is necessary to teke into
account the whole root growth response. In addition, it
has been reported that a high inoculation rates,
Azospirillum can inhibit root growth (Bashan, 1986;
Okon and Kapulnik, 1986; Morgengern and Okon,
1987; Yahdom ¢ a., 1991) In our experiments,
Azospirillum inoculation levels of 2 x 10" cfu mi™ did
not inhibit root growth compared to non-inoculated
seedlings (Fig. 2). Thus, promotion of root hair growth
induced by inoculation was not a compensaive
reaction to ow root growth.

It is improbable that Ca* ions, an essentia factor of
root har growth in Arabidopss (Schiefebein e al.,
1992), were responsible for increased root har growth
in inoculated seedlings The concentration of C&* (2
mM) was equa in the control treatment and bacterid
suspensions  used for inoculation, and this C&*
concentration is the optima one for root hair growth
in Arabidopsis (same ecotype) (Schiefdbein et al.,
1992).

In some species, Azospirillum inoculation resulted in
denser root hair formation (Tien e al., 1979; Jan ad
Patriquin, 1985; Hadas and Okon, 1987, Morgenstern
and Okon, 1987; Barbieri & al., 1991). The densty of
root hars is controlled by differentiation processes in
root cels which are independent of root hair growth
processes in root har producing (trichoblast) cels
(Cormack, 1962).

Furthermore, denser root hair

Length (mm)

Reot

Days *{3\03

Fig. 4. Arabidopsis root growth at the various
concentration of KNO;. Means of 17-20 roots at each
point. Points on the graph denoted by different letters
differ significantly at P £ 0.05 in one-way ANOVA.

airs which began their emergence a day 3 were done by

he random

formation can be the result of retarded cel eongation
in inoculaed seedlings. In  our research with
Arabidopsis, we obsaved no apparent differences in
root har digribution, even though root har growth
was affected.

There ae indications that the effect of Azospirillum
on root har may be a gened, non-specific
phenomenon. In wheat inoculated by A braslenss
root har length increesed in root segments 1.5-25 cm
from the root cap, but not in segments 45 cm from the
cap (Kapulnik et d., 1985). This would indicate one of
two posshilities: (i) the bacteria induced faster root
hair growth or (ii) the distance between root tip and
the zone of root har emergence was shorter in
Azospirillumtrested seedlings. The later  phenom:
enon did gppear in a sorghum hybrid inoculated by
Azogpirillum  which  might have caused observed
differences in the root hair lengths located at congant
distances from root tip (Morgenstern and Okon, 1987).
Increase in root hair length adso occurred in sugarcane
inoculated with A braslense (Patriquin et d., 1983)
and in winter wheat inoculated with Burkholderia
cepadia  (basonym  Pseudomonas cepacia) (de  Freitas
and Gearmida, 1990). In cases of inoculation, messure-
ments of root-hair sSze a a congtant distance from root
tip may be mideading since non-fully developed root
hars are aso measured. In our study we meesured the
find dze of the root hars and, therefore, our results
can not be compared to these previous studies.

This ressarch  demondrated that  Arabidopss
seadlings provide a smple and efficient modd for the
study of plant root Azospirillum interactions. This
bacterium increased root hair growth by more than
double as compared to the nor-inoculated  control.
This effect was condgtent and reproducible, and was
not relaed to nitrate or sucrose in the medium.
Increases in root surface aea caused by root hair
lengthening may lead to an increase in minerd uptake
which  could explan the  plant-growth-promoting
effect of Azospirillum inoculation (Murty and Ladha,
1988; Bashan et d., 1990).
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