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Summary 

A freeze-fracture method has been developed for the selective removal of root hairs from white clover 
(Trifolium repens L.) and alfalfa (Medicago sativa L.) seedlings. This procedure yields sufficient material for 
analysis of root hair proteins by polyacrylamide gel electrophoresis and can be adapted to study in vivo 
protein synthesis in these differentiated epidermal cells. Clover root hairs which have been infected by the 
nitrogen-fixing symbiont, Rhizobium trifolii0403, are also detached from roots by this process, yielding ap- 
propriate material to study root hair responses to the bacterial symbiont during the infection process. 
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Introduction 

Root hairs play a pivotal role in water and nutrient absorption, and are the host 
target cells through which Rhizobium enters legume roots before emergence of nodules 
and the onset of symbiotic nitrogen fixation. Thus, root hairs interact intimately with 
their symbiont rhizobia in an infection process which occurs specifically between a given 
legume host and its corresponding Rhizobium species. This process includes plant/ 
bacterium mutual recognition events, attachment of the bacterial symbiont to the root 
hair, deformation and penetration of the root hair cell wall by the bacterial symbiont, 
and infection thread formation [1, 2]. In this study, we have developed a procedure for 
removing root hairs from seedlings of small-seeded legumes in order to investigate how 
these host target cells respond to rhizobia during the infection process. 

* To whom all correspondence should be addressed. 
** Present address: Department of Microbiology, University of Tennessee, Knoxville, TN 37996, USA. 

0167-7012/85/$03.30 © 1985 Elsevier Science Publishers B.V. (Biomedical Division) 



96 

Materials and Methods 

Louisiana Nolin white clover (Trifolium repens L.) and vernal alfalfa (Medicago 
sativa L.) seeds were surface-sterilized [1] and spread across the surface of 1% water 
agar in sterile disposable petri dishes (200-300 per plate). The humidity was maximized 
to facilitate root hair formation by using 30 ml of agar per dish and by placing a 
Whatman No. 1 filter paper disc (9 cm dia,) and 1 ml distilled-deionized water in the lid 
of each petri dish. Dishes were inverted and incubated for 2-3 days in the dark at 
20-22 ° C. Germinated seedlings with abundant root hairs were selected from the plates 
with the aid of a dissecting microscope. 

Clover seedlings requiring further treatment (e.g., incubation with bacteria or a solu- 
tion of 14C-labelled amino acids) were aseptically transferred to a petri dish containing 
20 ml of nitrogen-free Fahraeus medium [1] and agitated on a rotary shaker at 60 r.p.m. 
for 1 h with R. trifolii 0403 cells grown for 5 days on B3 defined agar medium at 30 ° C 
[1], or for 3 h with 30 #Ci 14C-amino acid mixture [3], (ICN Pharmaceuticals Inc., Ir- 
vine CA, U.S.A.). After aseptically removing the Fahraeus medium from the plates, 
seedlings were gently transferred onto sterile filter paper in petri dishes and placed so 
they could contact one another in a 'criss-cross' fashion. Clusters of seedlings with paral- 
lel roots were spread apart using forceps. Just enough sterile water was added to 
moisten the entire surface of each filter paper disc. The petri dishes were sealed with 
parafilm and incubated at 20-22°C in the dark for 12 h (14C-amino acid treatment) or 5 
days (to allow R. trifolii to infect root hairs and form infection threads). During this 
incubation, it was important that moisture levels were low enough to allow the recum- 
bent root hairs to stand up again, yet high enough to prevent desiccation. 

Clusters of seedlings with erect root hairs were gently blotted on a Kimwipe tissue 
and transferred to a 20 ml glass scintillation vial which was capped and immersed in 
liquid nitrogen. When rapid boiling ceased, the vial was retrieved and tapped on.a hard 
surface to free seedlings adhering to one another and to the vial. The vial was again 
immersed in liquid nitrogen, then vigorously shaken for 10 s. This shaking broke off the 
root hairs and caused them to adhere to the sides of the vial. The vial was then removed 
from the bath, uncapped and inverted. The seedlings and loose debris were removed 
quickly from the vial by tapping it on a hard surface. Then the vial, containing fractured 
root hairs adhering to the sides, was either thawed quickly under warm water or 
reimmersed in liquid nitrogen before storage at -80 ° C. Throughout the procedure, vials 
were returned to liquid nitrogen at least every 10 s to prevent repeated freezing and 
thawing which would denature proteins. 

Roots were excised from intact 3 day-old clover seedlings using a razor blade and 
were homogenized into extraction buffer (0.1% SDS, 10 mM MES (pH 6.0), 10 mM/3- 
mercaptoethanol) to extract total proteins. Root hairs in vials were suspended by rinsing 
the sides of thawed vials with 0.5 ml of extraction solution. It was necessary to limit the 
amount of /3-mercaptoethanol in these samples to avoid artifactual electrophoretic 
bands at 68 and 54 kDa [4]. 

Root hair and total root extracts were boiled for 5 min, and centrifuged at 15600 × g 
at 4°C to pellet cell walls. The supernatants were assayed for protein by the Bio-Rad 
protein-dye method [5] or precipitated in 4 vol. of acetone at 0 ° C [3]. After 15 min at 
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Fig. 1. Phase contrast photomicrographs of white clover root hairs attached to root (A), root hair fragments 
detached from root after treatment with liquid nitrogen (B), and root remaining after removal of root hairs 
(C). Note in (C) that the root hair bases remain attached to the root. 150;<. 
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Fig. 2. Same as Fig. I, except that the seedlings were alfalfa. 150x. 



99 

0°C, precipitated proteins were pelleted at 11 500 × g for 20 min. Precipitates were dried 
under a stream of nitrogen gas for 30 min, redissolved by boiling for 5 rain in SDS- 
sample buffer, and electrophoresed by the Laemmli system [6] in 13% acrylamide gels. 
Proteins were visualized in gels by staining with Coomassie blue [7], alkaline silver stain 
[8] or acidic silver stain [9], or by fluorography using EN3HANCE [3]. 

Results and Discussion 

Greater than 99% of the root hairs could be removed from clover and alfalfa seed- 
lings grown into humid air as determined by microscopic observation of roots following 
treatment. The procedure tended to give more variable results when applied to seedlings 
that had been treated with solutions or suspensions, however comparable root hair 
yields were obtained if moisture was carefully regulated. 

The proportion of root hairs removed by this technique was largely dependent upon 
the moisture levels of the seedlings at the time of freezing. Seedlings with too little water 
had dried, shrivelled root hairs, whereas root hairs joined together by excess water 
remained as a solid unbreakable mass upon freezing. Blotting the seed coats was usually 
necessary to remove adsorbed water. Excess moisture removed from between root hairs 
by blotting, however, caused root hairs to lie down against the root surface, preventing 
their removal Thus, seedlings were generally observed about 2 h prior to root hair 
removal, water was added or removed as needed, and the petri dishes were resealed to 
allow the moisture to reequilibrate. 

Figures I and 2 are phase contrast photomicrographs showing 3 day-old clover and 
alfalfa roots with intact root hairs (la, 2a), root hair fragments suspended in water after 
removal from roots (Ib, 2b), and root surface remaining after the root hairs were selec- 
tively removed (It, 2c). Microscopic observation of root hair preparations indicated that 
the only visible sources of contamination were the membrane underlying the seed coat 
and occasional root cap cells. These contaminants constituted less than 1% of the root 
hair preparations. 

Total root homogenates and root hair preparations were assayed for protein in order 
to compare yields. Three-day old seedlings from one plate (ca. 250 seedlings) yielded 
2.35 mg total root protein or 20,5 #g protein from root hair preparations. 

This method of selective removal of root hairs could be applied to an analysis of their 
protein composition by SDS-PAGE. When this was done, we found that many proteins 
in the root hair preparations stained by Coomassie blue or silver were also represented 
in total protein profiles, whereas other proteins were distinctly enriched in the root hair 
preparations (see arrows in Fig. 3a). Approximately 0.72% of the extractable protein 
from whole roots would be root hair protein, and therefore proteins unique to root 
hairs would not be easily detected in the electrophoretic profile of the whole root pro- 
teins. 

Sherwood et al. [3] recently defined the optimal conditions for uptake of labelled 
amino acids and incorporation into protein by white clover seedlings in the heterotro- 
phic stage of development. These procedures of in vivo labelling of clover roots can be 
used in conjunction with this novel method of selective removal of root hairs to detect 
newly synthesized proteins in clover root hairs (Fig. 3b). 
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Fig. 3. Root hair (RH) and root (R) proteins separated by SDS-PAGE and visualized by alkaline silver stain 
(A) and fluorography of ~C-labelled proteins (B). In (A), arrows point to root hair proteins with molecular 
weights of approximately 102, 97, 79, 37 and 26 kDa. In (B), seedlings were labelled with k4C-labelled amino 
acids for 12 h before removal of the root hairs from the seedlings. Positions of molecular weight markers (in 
kDa) are indicated). 
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We have applied this method to obtain root hair proteins to analyze the clover lectin, 
trifoliin A, which specifically binds the bacterial symbiont, R. trifolii. A prominent pro- 
tein at 53 kDa was noted in clover root and root hair preparations stained by' '~he 
alkaline silver stain (Fig. 3a) and Coomassie blue (figure not shown), but stained very 
faintly using the acidic silver stain (figure not shown). This protein was also among the 
14C-labelled newly synthesized proteins present in both root hair and whole root extracts 
(Fig. 3b). This indicates that the 53 kDa protein is not a root hair specific protein. This 
protein has the same molecular weight as the clover lectin, trifoliin A [3], which binds 
specifically to the bacterial symbiont R. trifolii [10]. An earlier study [3] identified a 
53 kDa clover root protein as trifoliin A by western blot analysis. Immunofluorescence 
microscopy studies indicate that the root hair is the major site where trifoliin A accumu- 
lates on the surface of intact seedling roots, with an increasing gradient towards the 
growing tip of the root hair [10]. The results obtained here and in previous studies [3] 
suggest, however, that there must be other root cells which contain trifoliin A. Thus, 
trifoliin A in these other root cells must be in a location that is not accessible to anti- 
body incubated with intact seedling roots [10]. 

Clover root hairs which have interacted with the bacterial symbiont, R. trifolii, can be 
removed from roots by this procedure. Phase contrast microscopy of root hair prepara- 
tions from inoculated seedlings revealed polarly attached bacteria on root hair frag- 
ments, and root hairs which had undergone typical deformation and curling in response 
to the bacteria. Deformed root hairs containing infection threads were also found 
(Fig. 4). 

This new method of obtaining root hair preparations should make it possible to study 
the composition of these differentiated epidermal ceils and should prove useful in future 
investigations of the infection process in the nitrogen-fixing Rhizobium-legume symbio- 
sis. 

Fig. 4. Phase contrast photomicrograph of an infected root hair of white clover containing an infection 
thread (arrows). Seedlings had been incubated with R. trifolii 0403 for 5 days and then the hairs were de- 
tached by the liquid nitrogen treatment. This infected root hair had a bulbous deformation at the shepherd's 
crook and a branch near the tip. 525×. 



102 

Acknowledgements 

This  w o r k  was suppor ted  by N S F  Gran t  No.  80-21906, N I H  Gran t  No.  1 R01 

GM34331-01,  the M S U  Al l -Univers i ty  Research  Ini t ia t ion Gran t  p rog ram,  and Hatch  

Pro jec t  No.  M I C L O  1473. This  is j ou rna l  ar t icle  No.  11505 of  the Mich igan  Agr icu l tu-  

ral Expe r imen t  Stat ion.  

W e  thank  J o h n  S h e r w o o d ,  Estelle Hrabak ,  and Rawle  Hol l ingswor th  for  advice and 

assistance. 

References 

1 Dazzo, F.B. (1982) Leguminous root nodules. In: Experimental Microbial Ecology (Burns, R.G. and 
Slater, J.L., Eds.) pp. 431-446, Blackwell Scientific Publications, Oxford, U.K. 

2 Callaham, D.A. and Torrey, J.G. (1981) The structural basis for infection of root hairs of Trifolium 
repens by Rhizobium. Can. J. Bot. 59, 1647-1664. 

3 Sherwood, J. E., Truehet, G.L. and Dazzo, F. B. (1985) Effect of nitrate supply on the in vivo synthesis 
and distribution of trifoliin A, a Rhizobium trifolii binding leetin, in Trifolium repens seedlings. Plan- 
ta 162,540-547. 

4 Tashera, B. and Desser, B. (1983) Artifacts in sodium dodecyl sulfate~polyacrylamide electrophoresis due 
to 2-mercaptoethanol. Anal. Biochem. 129, 98-102. 

5 Bio-Rad Laboratories (1981) Bio-Rad protein assay. 17 p. bulletin, Bio-Rad Laboratories, Richmond, 
CA. 

6 Laemmli, U.K. (1970) Cleavage of structural proteins during the assembly of the head of bacteriophage 
T4. Nature 227, 680-685. 

7 Irie, S., Sezaki, M. and Kato, Y. (1982) A faithful double stain of proteins in the polyacrylamide gels 
with Coomassie blue and silver. Anal. Biochem. 126, 350-354. 

8 Ohasawa, K. and Ebata, N.E. (1983) Silver stain for detecting 10-femtogram quantities of protein after 
polyacrylamide gel electrophoresis. Anal. Biochem. 135, 4094 15. 

9 Morrissey, J.H. (1981) Silver stain for proteins in polyacrylamide gels: a modified procedure with en- 
hanced uniform sensitivity. Anal. Biochem. 117, 307-310. 

10 Dazzo, F. B., Yanke, W.E. and Brill, W.J. (1978) Trifoliin: a Rhizobium recognition protein from white 
clover. Biochim. Biophys. Acta 539,276-286. 


