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‘ o | ABSTRACT
In the first part of this study, effects of removal of leaves, shoots
and roots on the formation of the graft union in #oleus stems were in- -
vestigated. On the basis of counts of- xylem strands bridging the grafts
Follow1ng organ removal, estlmates of contrlbutlons of xylem-lnduoing-
stimuli were made: aoropetal flow from stock to scion, 8 % of the
xylem in grafts of otherwise 'intact plents; basipetal flow from im-

" mature stem tissue, 10 %; shoot tips and*imoatuﬂe leaves on scion,.10 %;
scion leaves that are at least halF mature, 36 %, The remalnlng 36 %
of xylem-inducing stlmull may' be from synergistic effects of the scion .
organs . The scion buds and leaves niearest the graft contrlbute ca.
40 % of their respective organ-specific xylem- 1nduo1ng stimuli although
they represent only 3D % of their respectlve organs on the scion.
Leaves and shoot tips on the stooL have no effect on rhe g;aft. Sever-
ing the stook‘below the greft resulted in a reduction: of graFtwbrldg—
ing xylem.td 22 % o% that in otherwise intact plants .The ratio' of
graft-bridging strands of phloem and xylem is not significantly
changed by any treatment’and averages 0.23: 1, compared with 2.2:1 in
intact internodes. Independenoe of control is shown forlthe follow-

ing components of the graffing process:. callus formatlon on the cut

surfaces neécrotic layer removal, cohe31on of the graft partners, and

brldgrng of the graft. by xylem, phloem and cambium. Grafts oF 1solated-
internodes’ oohere without apparent partlclpatlon of the other com-
ponents .

The second part of the study comprised a detailéd mlcrosooplcal
examination oF grafts oF intact Coleus plants, grafts of isolated inter-

L]
nodes, and the out surfaoes of plants severed at the grafting internode

N
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and leF£~cpen.tc the air 32 covered wich Parafilm. The early stages of | . .;
graft Fdrmdtlon and wcu;d-heallng are similar, as cytoplasm and nuclei
accumulate at the wound-facing ends oF the cells. The number of nuclei
at the cell ends near the cut is greater than that at the distant-cndsL ‘ g
of the cells, significantly so in the stocks and stumps. Either graft

partner or covering allows hypertrophy of the cnderlying cells, many of

which die when left unprctecced. This hypertrophy is accompanied by a

small amount of cell division in isolated ‘internode grafts, and by a-
larger amount in ccntrol grafts and covered wounds. Ne; surFaces pro-
duced by such cell expansion are indistinguishable from crdicary paren-
chymatous .cell walis‘in appearance and histochemistry. Stock-scion
~contact may occur at sites of newly exposed surfaces or at lhcse still
covered with nccrotic material, but there is no way of dctecmining . , i
at which sites there is cohesion. Some scions and cuttings produce a;
pcssibly hemicellulosic material that is frequently %ound at the graft
interface. Dead cell materials are largely dispersed, and there is
little evidence fcr-ﬁheir disscluticnzl Wound gum may appear as‘dense
plugs in sevcrcc,xylcm vessels, and is distinct from the necrotic'layer
which.has erroneously been given the same name. A thin refractile layer,
- af natcrc uncertain ceyond iés high phenolic content, ccv?rs the vascu-
lar parenchyma of many ccntrci stocks and uncovered stumpc and a few
control scions, bct is not found in.isolated internode grafts or co-
yercd wounds. By day 6 clear differences emerge in patterns of cell
‘division. 'brafts“Fcrm’callus masses between the pértngrs; with random
planes of. division, while wounds form wound periderms witﬁ'divisions
largely parallel to the cut, regardless of the.presence;cc‘cpccnceudF*f

.

covering. A plant part must. be in contact with a living graft partner
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to prevent the suberization found in all older wounds. Some xylem

differentiates in the wound peridgrm of protected wounds. It is con- .

cluded that graft partners provide each other considerably more than

simple protection from the external envirdnmenk, including some
specific inhibition of suberization. ' - »

N
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‘ | ' RESUME \

Dans la premlére partie .de cettgiétude, les‘effets de l'excision des
Feullles, des pousses et des récines sur le développement de 1'union
entre tlges greffées étaient examlnes chez Coleus. En se basant sur le
comptL des torons de xyléme enjambant 'les greFFes aprés l'ex0151on des”
organes, on a fait des dvaluations des contributions des stlmules pro-
voquéﬁt la formation de xyléme:‘ coulement acropétalé dé.ﬁa porte-
gréffé au greffon, B % du xvl®me differencié dané les greffeg des .

-plantes autrement inﬁactes; couiement basjipétale du tissu des tiges qui
n'est pés mdr, 10 %; dea‘poinfes des pousses et ?euilles pas mQres sur

;le greffon, 10 %; des feuilles du greffon qui sont au moins demis-mQres,
36 %. Le 36 % de Eeste des stimules‘provoquant la formation du xyldme
Peuvent etre des effets'synergistiques des organes du greffon. Leés
bourgeons et feuilles du greffon aupréé de la'greﬁfe contribuent ca.
40 % de leurs stimules spécifiques de 1'organe, quoiqu'ils représentent
seulement 30 % de leurs organes spe01f1ques sur le greFFon LeS*fEUillES .
et les‘;;:ntes des pousses sur la porte-greffe n'ont pas d'effet sur la,
greFFe. Séparatlon de la porte-greffe au-dessous de ;a grefﬁe a resulté
dans une réduction de xyléme enjambant la greffe & 22 % de_gé dans les
plantes autrement intactes. La proportion des torons de phlogme et de

. xyiéme n'est paé changée d'une maniére signific;tive par aucun traite-

" ment ét elle donne ‘en mﬁyénﬁe 0.23:1 en comparaison de 2.2:1 dans les

internoeuds intactes. n démontre 1'indépendance de contréle pour les

i

parties constituanteé du processus de. greffage suivantBS' ‘formation
du cal sur les surfaces coupées, enlévement de la couche nécrosée, co-~

hésion du greffon et de la porte-greffe, et engambement de la greffe par -

le xyleéme, Ie phlozme et le cambium. Les greffes des internoeuds iso-
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lé§ adh&rent sans la participation apparente des autre parties con- - .

L

stituantes. - .

La deuxiéme—partie de cette étude a cnmpris un examen‘détaiilé au
. microscope des greFFés'de plantes de Eglégg aﬁtrement intactes, de; S —
greffes des in%ernoeuds'isolés, et des surfaces coupées des plantes
désunies 2 1'jnternceud greffé et lalsséeésexposées a l alr ou cou- .
vertes avec du Parafllm Les premiers’ étages de la formation de la
greFFefet de la cicatrisation sont semblables, parce gque le cyfcplasme .
et les noyaux s‘accumulent aux bouts des cellules faisant Fage éAl;
'blessure.' Le nombre des noyaux‘aux bouts des.cellules prés de la
‘blessure est plus grand que cela aux bouts éloighés, d'uné.maniére sig-

. .
nificative dans les porteé—greFFes et les souches. Soit 1'associé de '
la greffe, soit couverture, permette 1' hypertrophle des cellules sous-
Jjacentes, beaucoup desquelles meurent ‘quand lalssées .exposées. Quelques
divisions cellulalres accompagnent cette hypertrophle dans les inter;
noeuds isolés, et un pius'grand nombre de divisions*dans le cas des
greffes coqtfoléeS'et des blessures couverte§. Les:su}Faces nouvelles
p;oduites par cette dilatation cellulaire, sont indistiﬁguibles des murs

ordinaires-des cellulea parenchymateusts en aspeét et en histochimie.

Le contact entre le greffon et la porte—éreffe peut se rencontrer aux
lieux des surfeces'nouvelles, ou 3 celles encore couvertes_ae matigres
nécrotiques, mais il n'y a pas moyén de déterminer 2 quels lieux il vy
a cohésion. (Quelques greffons et bouéufes'pfoduisenp une ma?iérp,
- peut-&tre hemicellulosique, qui se trouve Fréauemmenﬁ au diédre de>la
greffe. Les matléres néecrotiques sont dispersées, et 11 y a peu

A

d'evidence pour leur dissclttion. Une ”gomme de blessure" peut se

manifester en formant des bouchons épals'dans les vaisseaux de xyléme

%
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coupé; et.elle est distincte de }a coliche nécrosée qui a regu le méﬁe
nom pér erreur. Uné couthe mince et réfractive, de.naturénindéterminée
sauf qu'elle contient beaucoup de substancé phénolique, couvre la
"parenchyme vascuia?re de Eeaucoup de porte-greffes témo;ps‘eﬁ dﬁ
.souchés»découveﬁtes et de quelquesgreffons téﬁoins, mais élle.ne se
tfouvq pas dans leslgreFFes des internoeuds isolés ou des blessures
* .couvertes. Avant le sixidme jour, des diffé;encesclairesémergent'daﬁs
les. types ae divi;ion cellulaire. Lesfgreffes font aes maséés_de cal
entre les associés, avec des plans inégaux’de division,,tan@is que leg
blessures font des péridermes cicatriciels avec des divisions. en graﬁde
partie parallgles 3 la coupe, peu:soigneux de lq prés;ﬁéq au_apgence de
couverture. Une partie de 1ld plante doit étré.én contact avec un
éssociélvivant de la'gref%efpour'érévenir la subérisation Frouvée dans
les blessures plus vieilles. Certain xyléme difféfencie dans:le péri-
derme cicatriciél des blessures couvertes. On é;nclut,qde les associéé'
de la greffe Fourdissenﬂ-l'un.é }'autre considérablement- plus que de la

défense contre le milieu externe, y inclus quelque inhibition spécifique

de subérisation.

- o i



" ' GENERAL ‘INTRODUCTION

Grafting ﬁas prébably practiced as lpng ago as 1560 B.C., when a
Chinese text discussed varieties of peach, propagation of which would _
have been unlikely without‘grafting (Roberis 1949). In the fourth
century B.C., Theophrastus gave the first known written account of
using rootstocks, in thét case }or apples. - By 50 B:C; there w;re over
20 varieties of applg in Rome, many of wﬁich may have been dwarfed by
rpotstockg for use in topiary gardens. In Spain, the Arab, Ibn el-Awam
(Fiourished 1150 to 1170) wrote on £he propagation of* apples by
grafting (McKenzie 1956). ' "-"f;;;t}

fhe importance of grafting to horticulture in Renaissance times isﬂ -
shown by thé fact that the first English book on gardening (according to
’Henrey 1975), is an anonymous publication from 1520 on "The Crafte of
‘GréFFynge and‘Plantynge of Trees". In 1561, Cordus Valerius, a Germén,
described apple growing and gréfging in ”Historia Stirpium lip.m 3 g
"(McKenzie 1956). 7Parkinson (1629) described virtually‘all common
graffing methdds, from inarching to budding.

Today,f'. ihcreasing numbers of crops are grown on grafted plants -
e.g., 6ost tree fruits, grapes, blueberries - wherever the native root
is undesirable‘For somelfeason, sucﬁ as poor growth in the iocal soil,

susceptibility to rootborne diseases, or the ability of another root-

~gtock to change plant size or hasten fruit production.

In Indonesia, .grafting has foﬁnd an unusual application im the so-
calied Mukibat system. There, a cassava Variety able to prdduce espe-
cially large tubers has a shoot system.unable to fully exploit this
potential, so a more eFFicieﬁt shoot system is grafted on, thué\doubling

yield (De Bruijn and Dharmaputra 1974).
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The earlie%E:Enown scientific examination intcfgrafting~was pubr
lished in 1758 by Duhamel dL Monceau. In Ehié study of graft anatomy

he nﬁfed the proliFeraéion of parenchyma-like cells in tpe area of
cdntact between graft partners (Brabec 1965). Chronologically, the

next important works, both on aspeeté of the developmental anatomy of
the graft union, were by VBchting (1892) and Wright (1893). For a .
long time, a few extremely bad electrohlmicrographs of incompatible
woody grafts (Buchloh 1960, 1962) represented the only éiectron micro-
scopy of the graft line. Very few have appeared since (Yeoman and

Brown 1976, Moore 1978b, Yeoman et al. 1978).

' With the use of grafting so widespread, it seems remarkable that
there has been no investigation of the effect of various plant organs on
the developmental anatomy of the graft union since Kabus did his pre-
liminary tests in-1912. The first part of this gééearch wés undertaken

to correct this omission; the second, to investigate certain aspects

- of the grafting process, and to compare them to similar wounds, at the

maximum resolution possible with the optiéal’microscope. } “\
Note. ~ References for this introduction listed with Literature Cited

' for part 2 of this thesis.
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_ Part 1.

-Effects of excision of stock and scion organs

on' the development of the graft union

in Coleus: a histological study.
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INTRDDUCTiUN R
.When plénts are grafted, the stock and scion always bear different nbm-
bers and kinds of organs. Yet, gxperiments-on the correlétive effects
of thesg organs on the grafting process have been reported only once,.
and in_a‘limited context.. Kabus (1912), using potato tube}s, showed
that, for successful grafts, buds had to be present on béth graft part-
ners if the tubers -were cut in air, but not if the tubers were cut under
water. BrabBc (1965) reviewed the literature on the physiology of graft-
ing and made no mention of other experiments on the effects of removal

of stock and scion organs on the grafting process.

The effect of stock leaves on incompatibility in grafts of Cucumis .

mgig L. on Cucurbita ficifolia Bouch. was investigated by De Stigter
(19713? 1971b, 1§71c); In these grafts, phloem conmnections do not func-
tion for some time‘;F;er xylem connectioné are operative, éﬁ the roots:
receive no scion photosynthate. The greater the number of rootstock
-leaQes, then, the longer the roots survive, but the more delayed is the
process of recovgry'Frbm‘the early incompatibility. In any case, re-
coverywtakes too long for field-grown plants to survive, and thus can

be observed only in hydroponically grown plants.

Evidence from other experiments indicates the possibility that
graFting.might itself consist of a number of processes controlled in-
dependently. For instance, Muzik (1958) showed that stems of Vanilla
orchids grafted to each other without the subsequent formation of vas-
cular tissue cohnecting‘stock and scion, and we showed that, in grafts
~of pea roots, vascular tissue formation on the side of the graft toward
the shoot tip is independent of eventual graft cohesién (Stoddﬁ?d and

McCully 1979).



. ~ . .
The present study was ‘designed to determing the effect of various

plant organs - roots,aéhoqt tips, leaves - on the grafting process. It

also demonstrates the separability:of-the grafting process into a number

of components. We have chosen to use autografts of Coleus blumei Benth.

because the hormonal and correlafiye influences pn'wound heéiing and the
production of vascular tissue have been well studied in this plant,

principally by Jaccbs and doworkers.(Jacobs 1952; LaMotte and Jacobs 1963;
Thompson and Jacobs 1966) and Roberts aqd coyorkers (Fosket and Roberts
1964; Roberts and Fosket 1?66). Since Coleus has little apical dominance,
one may manipudate numbers of shoot tips and leaves in both stock and

scion. Finally, the use of autografts eliminates incompatibility as a

cause ‘of graft failure.



MATERIALS AND -METHODS

Plants. - Cuttings of the red clone of Coleus blume1 grown at

Carleton Unlverelty were rooted anq_grown'in 10-em plastic pots Filleo
with soil in a greenhouse for 5 wk. The plants were then placed in a
west-facing laboratory window-for 1 wk, at the end of whioh each plant
had four to six pairs of mature leaves (lamina ca. 8 cm long) Plants
were thoroughly watered the day beFore graftlng.‘

Grafting procedure. ~ The  technique used for grafting pea roots

(Stoddard and McCully 1979) was adapted in the Following manner. Both
ends of a wooden support stick, 2 mm in diameter and 10 to 15 cm long,
were bound with Parafilm to the intact stem so the middle of the inter-.
_node below the third pair of mature leaves was near the mlddle of the
stick, Parafilm was then wound 2 or 3 times around this internode and
the stlck to bind the grafting area firmly to the splint. Using a new
surgical steel razor blade, we made a diagonal cut through the Earafilm
and internode such that the third pair of mature leaves was above the
top and bottom ends of the cut (fig..1). More Parafilm was wound over
the cut to hold the graft partners tighﬁly together.

Each grafted plant was treated immediately by one of the following
procedures (fig. 1): A, control (no further operations); B, all leaves
with lamina longer than &4 cm were removed From the scion; C, the apical
bud was excised together with all leaves shorter to;o 4 ecm, and all
axillary buds were cut from the scion; D, -all leaves and buds were re-
moved from the scion; E, the scion was severed Jjust below the third
pair of mature leaves; F, all leaves andiaxillary buds were removed from
the stock; ‘G, the scion was-severed above the third pair of mature

leaves; H, same as G, but axillary buds were also removed; and I, the
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Fig. 1. Diagram on the leff shows the orienfgtion of the graft line
in relation to the nodes on either side of it. .The dotted line shows
the cut to remove Fhe éxillary buds and/or branches. A, Grafted cdntrol.
B, All leaves with lamina longérgthan 4 cm removed from the scion. C,
thical bud excised together with all leaves shorter than 4 cm, and ali
axillary buds cut from the scion. D, All leaves and buds removed from
the scion. £, Scion severed just below the third pair of mature
leaves. F, All leaves and axillary buds removed from the stock. G,
The scion severed above the third pair of mature_leaves. H, Same as G,
but axillary buds also removed. I, Stock severed just above the .
_ fourth pair of mature leaves. J, Isolated internode. Graft line

{horizontal line in A to J) is at the same level in all treatments.
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stock was severed just above the #Eurth pair of mature leaves. These

cu tlngs were. kept wlth their bases in a few mm of water and enclosed

/ inta transpargnt Plex1glas contalner in a growth chamber at 25°C, 16
light; 2500 1x. ' S . '

The final treatment consisted of graftlng excised 1nternodes‘(Flg.
1 3. The 1ntern0de below the third palr of mature leaves was excised;
the top was identified with a diagonal cut. ;Thls internode'was bound :
to a stick of similar length, cut and held together with Parafiim as
described above, and maintained on'moistened filter paper in a closed
petri dish in the growth chamﬁer. 1.1

Plants with intact root systems (i.e., those From treatments A to H)
were maintained in laosely covered transparent Plexiglas boxes in a west-
facing window. The plants were checked dally and water added as necess-
ary' to engure that humldlty was high enough to maintain scion turgor but
low enough to prevent water UF condensation from inhibiting graft co-
hesion. The boxes were furnee 90°‘clockwi5e on alternate days.

Experiments were congucted auring spring and summer of 1579 with
batches of 40 plants, 15 each for any two treatments B to J plus 10
controls, and. were repeated once. )

Excision, sectioning and clearing of the graft region. - Four, §,

8, 10, and 12 days after grafting, the grafts were excised with a cut
parallel to the_graft and 3 to 5 mm above it, and with a transveree cut’
2 to 3 mm belgw;the lowest point of the graft. The segments were held
in 0.05 M pglﬁééium phosphate buffer soiution, PH 7, for up to 1 h.

They were then hanq’sectioned longitudinally so each section showed the ,
diagonaﬁ aspect oftthe\?raft. The sections were cleared by heating to .

N
the boiling point in &0 per cent laetip acid and were left in.the acid
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as it cooled overnight. Cleared sections were soaked at least 15 min.
‘iR distilied water, then for a minimum of 15.min in D.bé? M KéHPQA, and
) v mounted in 0.05 per cent aniline blue (Lot # 1523, Polysciences Inc.,
. . -Na;}ington PA) in 0.067-M'K2HPDA. Coverslips were sgaled to the slidéé
with'nail polish. If kept in the dark, sections remain in good condi-
tion for many months. | )
Sections—were'cut thick (up ta 200 mlcrometers) to reduce the chan—
ces of 1ncre381ng the counts oF graft bridging xylem or phloem strands
by splitting them longltudlnally, or of decreasing counts by spllttlng
the strands transversely. Even such thick sections are considerably
softened by the clearing and must be handlea carefully to avoidudamage.
Some old grafts and ungrafted plants were sectioned, stained in
0.5 per cént aqueous basic fuchsin (C.I. 42500, Fisher Seientific Co.,
Fairlawn NJ) for 1 min, destained in 0. S-per cent sodiyn metablsulphlte
in D 1 N HC1 until only xylem elements and phloem fibres were stalned

and mounted in the same medium.

Observation of graft region and counting of xylem and phloem strands

bridging the graft. - Sections must be allowed to remain in the aniline

blue solution for at least 2 dayé before.examination. Sections of grafts
that are cleared, washed and freshly méunted in aniline blue, when viewed
with bright field opties, are almost colourless. With epifluorescence
optics this material is alsq unusable for counting because of excessive
glare from xylem autofluorescence. Affer 2 days in the dark, however,
the xylem elements and necrotic layer have become stained by the blue,
non-fluorescent components of: the commercial dye mixture (see Smith and

McCully 1978), making them visible in bright Fie}d and markedly reducing

their autofluofescence while the fluorochrome-induced callose fluores-
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cenae in the sieve tubes is not noticeably altered. These changes

are permanent over several months. With contrast thus enhanced,'obserff‘

" vations of .the necrotic layer and callus, and counts of xylem strands,

were made using bright field oﬁtics.‘ Further observations of callus
and’ counts of phloem strands were made using eplfluoreseence optics.
From thick hand sections contalnlng a8 large number of xylem ele-

ments, fairly repeatable counts were obtained by focusing through the

-section, :

Counts do not represent bundles of elements; individual xylem
elements crossing the l%gg of the graft'were counted. Thus, a bundle

of 16 xylem strands was counted as 16, not as 1. The callus was soft
. . [a]

“and easily distorted so no actual measurements of thickness were made.

Where part of the graft line in the region where counts were being made

was obscured, its'locétion could be inferred from adjacent visible

parts. | | .
Counts were tested‘For significant differences using the Student-

Newman-Keuls test (Zar 1974).

Microscopy and photomicrography. - Slides were examined with a Carl

Zeiss Universal microscope, equipped with bright field and epifluores-
cence opéics (exciter filter BG 12, beamsplitter F1 480, and barrier
filter 50). Specimeris viewed in bright field were recorded on Kodak
Ektapan 4" x 5" sheet film, rated ASA 100, and developed in Kodak Dk—SD.
Fluorescence was recorded on Kodak Panatomic;x 35 mm roll film, rated

ASA 64 and developed in I1ford Microphen.
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RESULTS

Anatomy of the uncut stem at the graft site. < The anatomy: of Coleus

has been-descr}bed in detail by Sloover‘(19?8). Figure 2 shows a crbgs
seéti;n of the stem in the grafting\;e ion toprovide orientéti;ﬁ for
sybsequent.figﬁres. Between the large comner vascular bundles, and
Joined to them by a young interfascicular cambium, lie variable AUM-
bers éf much smaller bundies, some of which contain no xylem (Aloni and
jacobs 19776). The Walls of phloem fibre initials have not starteé

to thicken: The stem has a'large pith ares, chlorophyll-rich cortical

parenchyma, and no cork cambium has yet been initiated. Pith cells:

are large and roughly isodiametric, in contrast to the smaller, some-

what ayially elohgated cortical parenchymé cells.

Developmental sequence of the normal graft. - In most of the‘grafts,

the lips of .stock and scion cyrl away from the axis of the plant. The
remaining coﬁtact.zone stretches from side to side across the graft,
representing about half to three-quarters of the available surface
(inset, Fig.ﬂZ). The gaps under the'lips are gradually filled (see
below). |

The necrotic layer, formed soon after cutting from the walls and
contents of killed cells, is strongly birefringent (Fig. 4) owing to
the stacking of the collapsed walls on the cut surface.

By'day 4 callus growth, generalized ovef the cortical parenchyma
but especially evident over the corner vascular bundleé, has already.
disrupted parts of the necrotic layer (fig. 3). The pith parenchyma,
however,. has not yet proliferated (fig. 3), and necrotic layers over-
lying it are not affected (fig. 4). About half of the grafts cohere in-

the middle region (inset, fig. 2; fig. 3; table 1), and while new xylem
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Table 1.

S L 3 L

Percentage .of cohesion of stock and scion followipg removal of various

-

3

_organs. .
Daily

Treatment Sample Age (Days)

: Size 4 6 8 10 12
A.. Céntrol 13 54 85 85 100 *100
8. Scion defoliated & 33 83 100 . 100 100
C. Séfon disbudded 3 -0 67 100 - 100 100
D. Scion denuded - 6 67. 100 100 100 100
E. Scion severed 5 80 100 100 100 100
F. Stock denuded 3 100 100 100 100 100
G. Scidh severed 1 {

node above graft 5 _ 20 40 80 100 7100
H. As above, axillary

buds removed 5 20 80 100 100 100
I. Stock severed 4 50 100 100 100 100
J. Isolated internode 4-8 50 75 38 "57 43

Note. ~ Grafts were said to "cohere" if the stock and scion remained -

together during sectioning, and not to "cchere" if the partners fell

apart during unwrapping or sectioning.

In practice, very Few grafts

that remained together during unwrapping failed to do so during

sectioning.

€
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and phleep strands haVe differentiated ie both the stock and the scion;
cennectione across the graft are latking (figs. 3, 5). T

”Almost all grafts cohere by day 6 (table 1), and many have a few
graft-btidging xylem and phloem elements (Flgs 6, 7,-tables 2, 3).
" Callus formdtion has proeressed, especially on the scion, filling the
gaps between the graft partners. Most of the pith cells at the graft
liagfzemain.undivided"jfig. 7). The necrotic layer is noticeably thinner,

3

_even over-the pith (fig. 7). ,
In subsequent days more xylem and phloem strands bridge the union
(taeles 2, 3). The pith cells start to pfollferate,at“the graft line by
day. 8, laying down walls roughly pagallel to the graft llne. In many
places the aecrotic layer is obliterated (fig. 8). fOften the_phloeﬁ
(less ofteﬁ the xylem) strands tend te congregate at a particular cross-
ing point (Figs. 9, 10), fanning out tela greater or lesser degree in

-

either graft partner . )

Thg callus contlnues to prollferate and usually Fllls all gaps by
day 10. By day 12 there are almost contlnuous ribbons of xylem along
~ the slanted sides of the cut (Flg 1),;and the phloem is similarly
multiplied (Flg 10). The d1v1sl0ns in the Pith continue,'Forming
walls parallel to the cut surface.(figs. 12, 13). The necrotic layef
is largely eliminated, as sﬁewn by its lack of birefringence and of dis-
tinguishable compressed walls over large areas (fig. 12). Eventually
the gfaft line is obl;terated between the xylem'aﬁd the epidermis (fig.
14) and the necrotic layer is seen only in the plth region as a thick
wall retaining its birefringence (flg. 13). ‘ *

The secondary walls of the xylem elements differentiating during

the grafting process have reticulate pitting and are lignified, as
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indicated by autoflucrescence. The elements themselves var; in shapé;
some, especially those differentiated‘early in gfafting and in the outer-

mqst.pith_near'the original vascular bundles, are recfangular”in longi-

-}/f tudinal section, like the parenchyma cells near the cambium, but not

-fuéiForm like the original secondary xylém (fig. 3). Elements formed
somewhat later are much less regular in shape (fig. 7), taking on
roumdeﬂ'"}\lrregular forms llke the cells, largely plth, ‘amongst whlch
they dlfferentlate. —~Eventually, xylem elements form with shapes typlcal
of those derived from a cambium (Fig. 11).

. The .short, narrow sieve elements differentiating dufing grafting
form strands:which meander through the inner cortex (figs. 9, 10). 1In
form, though ﬁnt in dimension, these sieve elements resemble those nor-
mally seep in both primary and secondary phloem of Coleus. ’

Near the graft the cross-sectional area of the xylem is large and
graduallf decreases until a few miilimeters from the graft where it is
comparable to that in the equivalent 1ntern0de of ungrafted plants
(figs. 14, 15). The extra strength conferred by this thlckenlng wag
illustrated when a 12-day-old graft was broken. The line.of fracture
went through the vascylaf tissue of the stock below the zone of extra
xylem and crossed the pith jaggedly, variously at, below, and above the

~graft line. ‘

From day 8, most scions have numerous (up te 12) short adventitious
roots, emerging 1 to 3 mm above the graf£. These roots interfere di-
reétly with the graft only rarely, when they are caught in the gap where
a stock or scion lip has cﬁrlgq away from the axis. There'is no

visible preponderance of these roots on any side of the stem.

Effect of treatments on rate pf cohesion and anafgmy of the graft.

o et e b e



16

E
| \
~ Speed of cohesion (table 1) and time of appearanceka thgtfirst graft- 1
bridgiﬁq xylem (table 2) and phloem (table 3) are not significantly
-affected by any of  the experimental treatments. lUltimate percentage
of cohesion, which.depends s0 ﬁuch on grafting technique, was depressed
only in the isolated iﬁternodes (table 1).
!/ Visual estimat%on of callus thickness showed that the aﬁount of
callus was reducgd at the base of the denuded scion (treatment D) and -
at the base of the severed scion (treatment E).‘ Callué was absent in
the pith oflisolated internode grafts (figs. 16, 17) and occurred only
in a very restrictéd area of cortex near the.vascular bundles (fig. 18).
Other treétments did nqt vis%ply affect callus formation.
The necrotic' layer was also apparently unaffected by most tféat-
ments, being virtually ob;iterated by day 12, albeit somewhat more -
slowly in the grafts with denuded or severed scions (treatments D and E).
In the iédlated‘internodes, however, there was no apparent degradation
of the necrotic layer (figs. 16, 17), in spite of which, 15 of the 30
grafts firmly cohered, and only three of them had any vascular connec-
tions. One at day 6-had a single connecting xylem strand (fig. 18);

;
one at day 8 had two connecting phloem strands (figs. 19, 20); and one
at day 12 had one strand éécﬁ of xylem and phloem (fig. 21).

The numbers of)xylem and phloem strands which bridge the graFt are
strongly influenced by the various treatments (tables 2, 3). From day
6 to day 10 the number of xylem strands in the control grafts was sig-
nificantly greater (at the 5 % level) than all treatments except the
denuded étock, treatment F, which was indistinguishable from control.

The numbers of xylem strands in disbudded scions (treatment C) approach

those of the contrel until day 12, when the two numbers do not signifi-
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cantly differ Frbm each other, and are significantly diFFerenthrom the
~ remaining treatments (B, D, £, G, H) which in their turn show no sig-
.nificggt differences among themselves. Figures 22 to 27 show the
effects of some of these treatments on the anatomy of the graft union.

The ratio of xylem to phloem strands bridging the gréft was not
significantly éhanged from the control by either of the most severe
treatments (stock cut below graft, treatment I, and scion cut above
grgFt, treatment E), or by a less severe treatment (scion without

mature leaves, treatment B). Therefore, it was deemed unnecessary to
il - )

‘Abunt phloem for all the test groups; In some cases, however, phloem
connections without xylem {stock severed, treatment I, day &) énd xXylem
without phloem {scion severed, t:eatment E, day 8) were observed.

While the differences in numbers of xylem strands between treat-
ﬁents might not be significant, on days 10 and 12 a trend of decline as
more organs are removed from the scion has been clearly established
(table 2), which is often visible in individual sections by day 12 (figs.-
1, 22, 23, 27}, Differences in amount of callus formed after the
different treatments are also apparent in these sections.

The numbers of phloem files showed no significant differeénces until
day 12, when the number of strands in the control was significantly
greater at the 2.5 % level than the number in the grafts with scion
severed just above the graft (treétment E) and significantly gréétér
‘at the 10 % level than the numbers in grafts severed just below the
graft (treatment I). and in those Qith defoliated scions (treatment B).
These threé treatments were not significantly different from each other
even at the 10 % level (i.e. A Ebut A=zI=Band I =B =E at 2.5 %;

A> 1 =B =E at 10 %). These differences are visible in the micro-
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graphs;, controls (fig\\l1), defoliated scion (fig. 24), severed scion

%\Sfi,ﬁf. . 26) are shown.

_ From day B, visual estimates .qf numbers of adventitious roots on

(fFig. 25) and severed

scions are lower than in control plants only in the denuded scion, treat-

ment D, and the scion severed above the gra

, treatment E. The isolated
internodes show no adventitious roots. Where E@e stock is severed just
below the graft (treatment I} there are a few a&Ventitious roots at the
base of the .stock by day 4 and many by day 6. In these grafts the scion
hag Feyer roots than the stock but obviously more than the control scign.
qut of these scion roots wither by day 12 or soon after removal of -the
Parafilm, while the stock roots continue te grow.

Effectiveness of axillary bud removal. - 0ld grafts with denuded

scions remain weak. By day 1D.0nly two of the experimental plants had
grown shoots on the disbudded and defoliated scion, presumably from
axillary buds which were missed by the disbudding. .Since there were
extra plants in this experiment, the two with shoots, one without, and
two controls were kept for aﬁ additional.3 wk. When the shootless
scion was flexed, the graft broke very easily, and there was evidence of
only a few connecting xylem elements. The two scions with one shoat
each did not break when flexed to a slightly greater degree. They
showed visibly less shoot growth when compared with the controls. The
older controls were used to demonstrate the localized thickening near
the graft (fig. 14). In plants from which the buds were remdved, only

these two grew other buds.
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Fig. 2. Freeﬁand cross section of an ungrafted internode subtending

the third pair of fully expanded leaves. Two primary phloem bundles (P},
the corner bundle (CB) and the vascular bundle in the middle of the side
of the stem (not shown but just below field of view) are connected by a
newly differentiated interfascicular cambium (é). Toluidine'blue 0
staining, x 83. Inset shows the eurling of the lips of stock and scion
away from the stem axis; ca. life size.

Figs. 3-12, Freehand longitudinal sections of Coleus stem in the
grafted regions. Cleared in lactic acid. Oriented so the séion is above
the stock. .

Fig. 3. Day 4 graft. The scion has formed callus from the xylem
parenchyma to the inner cortex, while the stock has formed very little
callus. The stock and scion cohege in the pith (arrow). Aniline blue
staining, x 40. T

Fig. 4. Day 4 graf%. Thgfmany walls of the_killed cells, lying
parallel, show strong birefringence. Polarization microscopy, x 160.

'Fig. 5. Day 4 graft. No new phloem has differentiated in the
céllus. Aniline blue induced fluorescence, x 80.

Fig. 6. Day 6 graft. A sieve tube (arraowheads) traverses the
graft line (opposed arrows). Aniline blue induced fluorescence, x 125.

Fig. 7. Day 6 graft. Xylem (X) has differentiated in the outer-
most pith, just inside the young cambium (plane of section), and has
. bridgéd the graft 1ine,.0n which the necrotic layer {arrowhead) is
still present and is moderately stained. Near the vascular bundle in
the stem corner, callus Formatién (¥) has continued. Aniline blue
staining, x 40.

Fig. 8. Day 8 graft. HMore xylem traverses the graft line
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(opposed arrows), and the necrotic layer (arrowhead) is no longer
strongly stained. Aniline blue staining, x 40. ' ”

Fig. 9. Day 8 graft. Several sieve tubesﬁzgrfﬁwheéds) traverse
the graft line (opposed arrcws). Aniline blue induced fluorescence,

x BO.

Fig. 10, Day 10 graft. A "bundle" of sieve tubes traverses the
graft line (opposed arrows) and fans out in stock and scion. Aniline
blue induced flucrescence, x B0. ' ‘

Fig. 11. Day 12.graFt. A large amount of xylem traverses the graft
line (opposed arrows), still faintly visible as a slightly darker line.
Many xylem elements in both stock ana scion have the appearance of being
derived from a cambium. Aniline blué staining, x 40.

Fig. {2. Day ﬁ2 graft. The birefringence of the necrotic layer
has virtually disappeared (FF. fig. 4) from the graft line (opposed
arrowé). Some pith cells on either side of the graft line have divided
several times forming new walls (arrowheads) approximately parallel to

the graft line. Polarization microscopy, x 65.
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'Figs. 13-27. Freehand longitudinal sections of Eglggg'stem in the
grafted regions. Ofiented so the scion is above the stock. All except.
fig. 15 have been pleared in lactic acid.

Fig. 13. Day 30 graft. The necrotic layer is'still evident as a
thick dark line in some places in the pith. New cell walls in the pith
cells, parallel to the graft line, are clearly at a sharp angle to the
original axis of the stem (double-headed arrow). Basic fuchsin staining,
X 65, |

Fig. 14. Day 30 graft, same section as in fig. 13, Near the graft
line there is much more xXylem than farther away (though not visible at
this magnification, 10 t0.15 layers as opposed to 4 t0‘6). Basic fuchsin
staining, x 8. -

"Fig. 15. Fresh (uncleared) section of an internode from an un-
grafted plant in the region comparable to the day 30 graft. There are
only four layers of secondary xylem. Basic fuchsin staining, x 80.

Fig. 16. Isolated internode graft, day 12. Tﬁe necrotic layer is
no£ noticeably changed from day 4, maintaining its appearance of a stack
of crushed walls. Pith cells on either side of the graft line show no
signs of having divided. Aniline blue staining, x 105.

Fig. 17. lIdentical to fig. 16, but polarization microscopy.

Fig. 18. Isolated internode graft, day 6. Callus has filled in
the g;all gap between stock and scion near the corner vascular bundles.
The cut lines of stock and scion are still clearly visible (opposed
arrows). A single xylem file traverses the graft. Apiline blue stain-
ing, x 140.

Fig. 19. Isolated internode graft, day 8. One sieve tube traverses

the graft line (opposed arrows) at the arrowhead. Aniline blue induced
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Fiuorescence, X ?adﬁ

Fig. 20, Another field of view of the same section Qith the
same labeling as in fig. 19. Near the sieve tube which traverses
the graft line, some new xylem has HiFFerentiated in the stock. x 140.

Fig. 21. Isolated internocde graft, day 12. Xylem traverses the
éraft line (opposed arrows). Aniline blue staining, x 90.

Fig. 22. Graft with defoliated scion (freatment B), day 12. Both
stock and scion have formed callys, and a moderate amount of xylem tra-
verses the graft line (opposed arrows). Aniline blue staining, x 40.

Fig. 23. Graft with scion severed Just above the graft line
(treétment E), ‘day 12. There is less callus formation than in fig. 22,
and less xylem traverses the graft line. Aniline blue staining, x 40.

Fig. 24. Same graft as in fig. 22. Many sieve tubes traverse the
graft line (opposed arrows). Aniline blue induced fluorescence, x 50,

Fig. 25. Same graft as in fig. 23. Few sieve tubes traverse the
graft line (opposed arrows); only two (arrowheads) are shown here.
Aniline blue induced fluorescence, x 75.

Eig. 26. Graft with stock severed just below the graft line
" (treatment 1), day 12. A few sieve tubes traverse the graft line
(opposea arrows). Aniline blue induced fluorescence, x 50.

Fig. 27. Same graft as in fig. 26. The scion has formed extensive
callus with many\new walls parallel to the cut suréaces. Such divisions
are absent from the stock. A small amount of xylem traverses the graft

line. Aniline blue' staining, x 40.
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DISCUSSION

The Coleus stem graft is comparable in its development to other herba-

]

ceous dicotyledonous grafts (Wright 1893; Crafts 1934; Lindsay et al.
1974; Stoddard and McCully 1979 and references therein). In each plant,
grafting includes the formation of a necrotic layer and itslsubsequent
reduction or'eliminaéion, growth of callus, cohesion of stock and scion,
and the differentiation of graft—bridgi;g Yascular tissue and cambium.
We show that several of these processes are independent events and not
 essential to the cohesion of stock and scion per se. While necrotic
layer formation and cohesion are common to gfafts in all the treat-
ments, one or more the the processes of callus formation, necroti; layer
removal, and vascular differentiation can be absent from a graft, de-:

pending on the type and amount of stock and scion tissue remaining.

Cohesior and removal of necrotic layer. - The isolated internode

grafts show the independence of necrotic layer formation and subsequent
graft cohesion from the other grafting events,'which simply did not
occur in the isolated-internodes. These two processes were not affected

by the treatments to stock and scion. It is not clear how these isola-

ted internodes cohere without removgl'oF the necrotic layer. In other
descriptions of graft anatomy, the point is made that.graft éontinuity
is first established when callﬁs bridges form where the necrotic layer
is broken (Wright 1893; Crafts 1934; Mendel.1936; Buck 1954; Fletcher
19645 Copes 1969). Removal of the necrotic layer may depend on cell
division, for not only dﬁes the layer remain where callus formation

is absent or minimal but it is removéd where callus formation is
profuse.

The actual nature of the cohesion has never been adequately clari-



Fied by anatdmical,_physiological or biochehical studiés. Obviously some
sort of "cement" is produced_ﬁy the cells on one side, of both, of the
graft. Results with the isolated Coleus internodes shbw that these
cells do not need to rdivide EeFore proddcing the cement, part of which
has been speculatéd to be pectin (Lindsay 1972). It is clear that, in
£he isolated Eglégg internode grafts, some mechanism must exist whereby
the cement can bond stock to scion regardless of the presence or absence
of a necrotic layer. Whatever cell-to-cell recognition is 1nvolved in
the grafting process must take place as part of coh9510n, and the system
wherein cohesion occurs, unobscured by other grafting components,
should be useful for investigating these recognition phenomena.

Callus formation at cut surfaces. - In most dicotyledonous grafts,

it is the production of callus on stock and scion that leads tao the
establishment of sto¢k~scim$txw¢act and has therefore‘been taken to
be the first step toward cohesion (Wright 1893; Crafts 1934; Mendel
1936; Buck 1954; Fletcher 1964; Copes 1969; Stoddard and HcCully 1979),
though we have now shown the independence of cohesion from callusing.
Upon removal of stock and scion parts, however, the amount of callus
formed {visual eéfimates) declines in parallel with counts of xylem and "
phloem strands bridging the graft (tables 2, 3). This suggests a comman
étimuius. The exception is the severed stock, in which case there is
copious callus formation in the scion, almost none in the stock, and
few xylem or phloem strands bridge the graft.

The scion forms much more callus than does the stock, as has been
observed in other plants (Wright 1893 Shippy 1930; Sharples and Gunnery
1933; Copes 1969; Stoddard and'McCully 1979) where the graft partners

. T L M
are of . comparable size. This result is explained by natural polatity,

o
¥
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for the root-tip-facing end of any segment of root Er shéot forgs more
callus than the shoot-tip-facing end (Shippy 1930; Bloch 1943} In

bud graftxng the sizes of the cut surfaces are so leFerent as to over-
whelm any such 1nnate difference (Mendel 1936; Buck 1954 Fletcher 1964).

Graft-bridging xylem snd phloem. - In the grafts where the scion is

- severed and in isolated internodes, scion and stock are connected by

‘vascular tissue, although the scion forms very little callus, which is

restricted to the inner cortex. Vascular connections are also formed
without apparent disruption of the necrotic layer in isolated internodes.
In most grafts there was some vascular differentiation before cohesion.
In failed grafts of pea roots, vascular diFf;rentiation occurred in .

the scion without any cohesion (Stoddard and MeCully 1979). Graft-
Bridging strands of xylem and phlaem develop initially from cells in
contact with the respective severed bundles and may connect with the
vascular tissue newly produced by the cambia in stock and scion where

W

that production is heavy (Benayoun et al. 1975). In other grafts,

. such as those in isolated internodes (fig. 19), the new vascular tissue

connects directly to the old.

Comparisons of counts of strands of xylem and phloem bridgihg the

graft. - The amount of graft-bridging xylem is strongly influenced by
the presence of leaveé and branches on the scion, not at all by their
presence on the stock. Comparisons of the numbers of xyleﬁ strands, in
treatments with various amounts of scinn'tissue removed {(table 2) allew
estimation of the relative contributions of organs- to the total xylem-
inducing stimuli, under the assumption fhat thgre is a linear relation-
ship between the concentration of the stimuli and the amount 6f xylem

Ar]

induced. Since all ages show the same general correlations (table 2),

N
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the averege of numbers of xylem strands bridging the graft on days'6, 8,

10 and 12 (Table ﬁ) is used as the besis for comparison'with the control,
which is taken as %UD %, though this technique obscures time-course data.

Stem tissue of the internode used has q'rtUElly no xylem—indoeing
stimuli, since the isblated internodes: form-virtually no graft-bridging
_ xylem; therefore the severed scion must be similarly without stimuli.
On this basis, % of toe stimulus flows acropetally into the severed
scion from the intact stook. In comparison, Jacobs {1952) and Aloni and
Jacobs (1977a) showed that acropetal flow of xylem-inducing stimuli
around stem wounds in ﬁhis same species may vary from O to 25 % of eotal,
. depending on growth conditions. A Further 10 % of stimuli are either
pulled acropetally into the denuded scion by the increased transpiration
of the larger surfaoe, or Flow basipetally from the maturlng tissue
in the stem, or some combination of these processes. Another 10 %
stimuli come from the scion shoot tips, and 36 % from the leaves. The
pair of leaves and buds nearest the graft contributes ca. 40 % of their
stimuli although each pair represents only ca. 30 % of the'leaf or bud
tissue present in the intact scion. This last result may be due to a
lack of adoitivity;of stimulus Froﬁ'one type of source; or it may be due
to the proximity of the organs to the graft, since Thompson (1966) showed
a logarithmic decline in radioactivity from MC;labeled indoleacetic?acid
applied to Coleus stems as the compound moved basipetally.

These estimates total only 64 % of the xylem oroduced in caontrol
plants, a highly significant difference (p < 0.001) possibly due to a
synergistic effect of all three organs and/or the effects of the wounding

inherent in the treatments.

When the stock was denuded of leaves and shoots but left as a con-
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nection between scion and roots (treatment F), there was no significant
difference in numbers of graft-bridging xylem from the control. Th;s
result agfees well with .the data of Kaan Albest (1934), Jacobs (1952)
and LaMotte and Jacobs (1963), that removal of leaves and shoots below
a wound in a stem has no effect on regeneration of xylem or phloem
around that wound.

In contrast, in the grafts whose stocks were cut off below the
graft (treatment I} the graft-bridging xylem avéraged 22 % of that in
controls. If this reduction were due to the absence of xylem-inducing
stimuli coming from the roots, it would surely have been restored rapid-
ly since adventitious roots were initiated at the base of the stock
at the same timélas the graft was taking. Perhaps the severing of the
stock reduces the basipetal flow of xylem-iﬁﬁucing stimuli elaborated’
in the scion by removing a sink, which when subsequently restored is
divided.betwaen the adventitious roots of stock and those of the scion.
That there is an accumulation of auxin at the base of fhe scion is shown
by the increase in number of adventitious roots emerging above this
gfaft as compared with the control.

Since removal of plant parts causes changes in numbers of graft-
bridging phloem strands that become significant at the 5 %. level only
on day 12,.we conclude that phloem induction is less strongly influenced
by scion organs than is xylem induction. The phloem/xylem ratio, though
not significantly changed by any treatment (isolated internodes,
treatment J, not included beeause.of ingignificant production of xylem
and phloem), varies from 0.071:1 where the scion is severed just above
the graft (treatment E}, through 0.18:1 in the control and 0.31:1 where

the stock is severed below the graft (treatment I) to a high 6F 0.37:1
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for the leafless scion (treatment 8), averaging 0.23:1. In the intact
stem, the ratio of strands iq 2.2:1. These results contrast strongiy
with those of Aloni and Jacobs (1977b), where the ratio of phloem to
xylem_stranas regenerating around a stem wound {2.24) in.Egiggg was
almost the same as the ratioc of bundles severed in wounding (2.14).
There is no apparent explanatién as to why, in grafting, phloem should
regenerate less than xylem, when there is more phloem than xylem in
the intact stem, unless some of that phloem in’the intact stem is not

functional.

Graft-bridging cambium. - A graft-bridging cambium is formed some-

time between day 12 (fig. 11) and day 30 (fig. 14). The differentiation
of the vascular cambium is independent of xylem and phloem differentia-
tion in certain situations. In some grafts a cambium forms without

pre-existent wound-bridging xylem and phloem (references in Mendel 1936;

" Buck 1954; Warren Wilson 1978 and references therein). In others, how-

ever, the cambium differentiates between the wound-bridging xylem and
phloem (Crafts 1934; Stoddard and McCully 1979} after these tissues

have bridged the graft. In wounded stems and roots as well,.the bridging
cambium may be preceded by differentiation of-xylem and phloem (Robbertse
and McCully 1979) or may be independent of it (Warren Wilson 1978).

Phytochormones and graft formation. - Our experiments make it clear

which organs contribute to the formation of the graft union, and it

remains to correlate them with knowle&ge of the sources and effects of
the various phytohormoneé. |

Since stocks form very little callus until cohesion, hormones
originating in the stocks and wound hormones can be eliminated as j. - .

exciters of cell division at the early stages of the grafting process.
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The delayed cell division and vascular differentiation in the stock
must be due to hormones originating in the scion and makihg theif way
across the graft union. '

An. auxin gradient is necessary for vascular tissue regeneration
(3acobs 1952; Sachs 1968) and callus formation (Jacobs 1979). Buds
inserted into callus induce the differentiation of xylem and phloem
(Camus 1949). The organs producing most auxin, the leaves (Jacobs .1952)
and shoot tips (Scott and Briggs 1960; Thimann et al. 1971) correspond
: té the most effective organs inducing formation of callus and of vas-
cular tissue. The scion is the Jonly effective source of guxin, which
must be continuously supplied, because auxin-destroying enzymes accumu-
late at cut surfaces within 6 h (Iversen’and Aasheim 1970). . Statements
are contradictory on the effects of cytokinins and gibberellins on
differentiation of xylem and phloem in parenchyma around wounds or in
explants (Fosket and Roberts 1964 Robert§ and Fosket 1966; Waisel et
al. 1966; Earle 1968; Marrison and Klein 1979).

Clear evidence for the broduction of a wound hormone, traumatin,
at cué surfaces has recently been provided (Zimmerman and Coudron 1979)
and linked to induction of cell division. If indeed a wound hormone is
produced in Eglggg_gréfting, its only role is in the induction of co-
hesion, which takes place in isolated internode grafts in the apparent
absence of other processes.

Graft incompatibility. - Where stock and scion are incompatible,

the graft partners may reject each other at any of the steps of graft -
formation, as shown by the following examples selected from the ». . .- -
literature on incompatibility.

The process of cohesion itself may fail, as in tomato on Pelargonium
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(Wright 1893). Vascular tissues may fail to connect the graft partners;
as iﬁ Vanilla ofchid.grafts, which survive unfil put under transpira-
tional stress, the parenchymatous cells at the union evidently providing
enough flow in‘ordinary circumstances (Muzik 1958). Cambia of stock

and scion may fail to unite or to remain united, leading.'to interruptions
of vascular continuity and scion death as in pear grafted on apple
(Proebsting 1928; Bradford and Sitton 1929). Callus Formatidn in one
partner may be excessive, due to faulty techniquelleading to pressure
which separates the graft ﬁartners (Bradford and Sitton 1929). No data
are available which imply contiqued presence of necrotic layer as cause
for graft failure although in some incompatible interspecific Prunus
grafts "the xylem at the line of union is degenerated into a gummy méss”
(Proebsting 1928, p. 80). Thus the literature on incompatibility
corroborates our evidence for the sepérability of the components of

the grafting process and the independence of their control.
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Part 2.
Histological comparison of the development

of grafts and wounds in stems of Coleus



T T e e e s e e e 4t e g AT T

39

INTRUDUCTIUN'

The results of the previous part of this §nvestiga£ion (Stoddard and
Mc€ully 1980) éhowed that there ére differences in the ways in which
control grafts and isolated internode grafts develop. To inQestigate
these differences more closely, grafts of isolated internodes, and of
otherwise intact plants, were prepared and studipd by high-resalution
optical microscopy at various stages of development. As well, the
question was posed, how do these extreme grafting situations differ
from open wounds or from wounds covered with an abiotic "graft partner"?
Therefore, plants were cut in fhe internode that wagld have been grafted,

the two parts separated, and either left bare or covered with a layer

of Parafilm, and studied along with the grafts mentioned above.
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. MATERIALS AND METHDDS
Grafts of otherwise intact plants (treatment A) and of isolated inter-
nodes (treatment J) were prepared as described previously (Stoddard and
McCully 1980) in late winter of 1980. As well, some plants were cut
apart in the same internode as wouldlhave been grafted, and the stumps
placed in the humid chamber with the grafts of whole plants. The
cuttings were placed upright in the growth chamber with the isolated
internodes, in a transparent Plexiglas box with the tips of the cut
surfaces just touching the moist paper towelling lining the bottom of
the container. Similar cuttings anq stumps were prepgred and the cut
surfaces covered with Parafilm.

Two, four, six and ten days after cutting, three of each type of
graft, cutting or stump were excised as déscribed previously (Stoddard
and McCuily 1980), cut longitudinally into six to nihe pieces, fixed in
3% (w/v)‘glutaraldehyde (J. B. EM Services Reg'd, Pointe-Claire, P. Q.)
in 0.025 M potassium phosphate buffer, pH 6.8, overnight at 0°C, de-
hy&rated in a hethoxyethanol; ethancl, n-propanol, n-butanol series,
and embedded in glycol methacrylate (Hartung Associates, Camden, NJ)

(Feder and 0'Brien 1968). Sections were cut an indicated one micrometer
thick on a Sorvall Porter-Blum MT-1 mlcrotome (Ivan Sorvall, Newtown,
Conn.) and mounted on glass microscope slldes (Clay Adams Gold Seal,
Becton Dickinson and Co., Parsippany, NJ).

At every age and for every graft or wound, typé, three plants
were prepared, with a few minor exceptions such as at day four for
covered wounds, where only two plants were available. For.both si@es of
each ggaft or wound, six to ten microscope slidés were prepared with

5> to 8 serial or near-serial sections each, and each slide subjected to
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a different histochemical procedure. Geherally th; best section on
each slide was examined in detail. Thus each observatibn of a.side of
a graft or wound is based on about six sectiﬁns of éach of three (rarely
two) individuals.

Sections wpée stained according to one of tﬁe following methods,
at room temperaturs unless otherwise noted.

1. Periodic acid - Schiff reaction (Feder and 0'Brien 1968)(PAS),
Aldehydes were blocked with 2,4-dinitrophenylhydrazine (Eastmén Kodak
Co., Rochester, NY) saturated in 15 % (v/v) ag. acetic apid, for 10 min.
Slides were washed 20 min. in running water, dried, and immersed in1 %
(w/v} aq. periodic acid (J. T. Baker Chemical Co., Philipsburg; NJ} for
10 min., rinsed quickly with water and immersed in SéhiFF reagent (Lots
793767-12 and 701581-12, Fisher Sc1ent1F1c Co., Fairlawn, NJ) for 15
min. Sections were washed with three qulck changes of 0.5 % (w/v) aq.
sodium metabisulphite, then with distilled water for 3 min.

15. Some of these slides were counterstained with  Sudan black B
(Edward Gurr Ltd., London, U K.) saturated in 70 % (v/v) aq. ethanol,
for 1 to 5 hours, washed twice qu1ckly with 70 & (v/v) aq. ethanol and
once with distilled water, and drled.

1b. Other slides were counterstained with aniline blue (Lot 1523,

Polysciences In., Warrington, PA) 0.0 (w/v) in 0.067 M ag. K HPU

2
5 min., rinsed qu1ckly with distilled water, and drled. Sections were
sparingly rehydrated by breathing on them just beFore mounting the
coverslip (Smith and MeCully 1978).

1e. As partial coétrol for the PAS reaction, a few sections were

stained with Schiff readgnt without any pretreatment.

2. Toluidine blue b (0'Brien et al. 1964). Sections were stained

= SEEHF LS TS Sy
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with toluidine blue 0 {Lot 119962, c. I. sznah, BDH Chemicalé, Poole,
~U.K.) 0.05% (w/v) in benzoate buffer, pH 4.4, for abou£ 1 min., rinsed
3 min. in rﬁnning water and dried. Seétions were sparingly rehydrated
as in step 1b above.

3. Alcian blue -_écid fuchsin, Slides were immersed in a solutidn
of alcian blue BGS (Lot 71123, J. B. EM Services Reg'd) 0.3 % (w/v) aqg.,
for 45 min., washed with water 10 min., -and dried (method of K J. Clarke,
.pers., comm. 1980). Slides were"then immersed in acid fuchsin (C. I.
42685, Ailied Chemical Corp., New York, NY) 0.5 % (w/v) aq., 43°C, for
4 min., rinsed quickly with two changes of distilled water at 43°C,
and dried. .

4, Calcofluor White M2R New (Hughes and McCully 1975). Slldes

" were immersed in Calchluor White"MZR New (American Cyanamid Co R
Montreal, P.Q.) 0.01% (w/v) aq., for 5 min., rinsed quickly i distilled
water and dried. ' | |

5. Autofluorescence. Slides received no treatment. These slides
were also examined with phase contrast optics and with polarization
microscopy. ~

In treatments 1 to 5, coverslips wéfe mounted with a drop of
immersion o0il (Carl‘Zeiss, Oberkochen, Federal Republic of Germany).

6. To test the effect of pH on autofluorescence, acetate buffers
pH 4 and 5, and phosphate buffers pH 6.8 and B.3, were prepared (Barka
and Anderson 1963). A single slide w1th 5 good serial sectiong w:
selected, and a coverslip mounted in the most acid buffer. Afteraj\uk
for equilﬁbrétion, the slide was examined and the first section photo-
micrographed. The coverslip was removed and the sections washed about

- 2 min. with distilled water and dried. The procedure was repeated with

wr

"
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. the second buffer, examining the second section, and so on, similar
areas being chosen for micrographs. Finally the slide with the next
éerial section was tested with the most alkaline buffer to check on
cumulative effects of buffer on the sections. It was impossible to use
the same part of the same seétion every time because loss of autofluores-
cence was detectable after the 3 minu£e fluorescence micrograph exposure.

In late autumn 1980, another experiment was conducted in which four
isolated internodes were prepared, with three control gfafts, three
- parafilm covered wounds, and four grafts with parafilm inserted between
stock and scion. After 10 days, the‘ends of the isolated interpodes
and the graftéd or wounded surfaces‘of the other plants were longi-

" tudinally hand-sectioned and stained in Sudan black B, saturated in 70 %
(v/v) aq. ethanol, for S‘hqurs, soaked in 70 % aq. ethanol until paren-
chyma cells were destained;'rehydrgted and mounted in water.

Slides were ekam}ﬁed with a Carl‘Zeiss Universal microscope,
equipped with bright field and epifluorescence optiecs. For autoFluorgs—
ceﬁce and aniline blue induced flucrescence, exciter Filter BG 12,
beamsplitter F1 4B0, and barrier filter 50 were used. for Calcofluor
induced Fluorescence,'exciber filter UG 1, beamsplitter F1 480, and
barrier filter 44 were used. Specimeng viewed in bright field were
recorded on Kodak Ektapan 4" x 5" sheef film, rated ASA 100 and developed
in Kodak DK-50. uFluorescence was recorded on Kodak Pana?omic-x ?5 mm
roll film, rated ASA 64 and developed in Iiford MicroRhen.

Comparative data were prepared for all grafts during .microscopic
examination by Filling in all relevant par;s of a table listing 39 poss-

ible characteristics for each side of each graft or wound, and for each

of cortex, vascular parenchyma and pith (table 1).

T S
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Data for nucleap location were compared among types of graft and
wound and different ages with two-factor analyses of variance, nuclear
placement bEing one of the factors. Sources of interaction between

nuclear location and plant type were identified with Student -Newman-

Keuls tests (Zar 1974).

B L S r— e S
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Table 1.

The characteristics for which cortex, vascular parenchyma and pith
were examined in every scion, cutting, stock and stump.

Live cells
Nuclei: loecation
morphology -
Plastids: starch content (range of 0 to 2)
C colour with toluidine blue
Cytoplasm: amount (range of 0 to 3)
distribution
Walls: staining
Hypertrophied cells: amount and location of swelling
nucYear location
amount of .cytoplasm
Divisions: numbers
orientation (axial, transverse, etc.)
location
Binucleate cells
Suberization

Necrotic materials
Cut cell walls: staining
appearance
Cut cell contents: nuclei: staining
. morphaology
plastids: staining
appearance
cytoplasm: staining
appearance
Covering of dead cells: staining
appearance
Thin refractile layer: location
appearance

Foam in cut xylem
Dense plugs in cut xylem
Cell death incidental to cutting: location
- appearance of cell contents
collapse of dead cells

New surfaces and contact zone
New surface: staining
appearance
Contact zone: location
new surfaces or not
appearance
Intercellular slimy-looking material: amount (range of 0 to 2)
) staining
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RESULTS

kAnatomy of the uncut stem at the graft or wound site. - In the uncut

stem, the cells are highly vacuclate, and the cytoplasmic ground
substance islrarely directly visible (figs. 1, 2) although demonstrable
by the presence of apparently healthy orgahélles. Cells of the collen-
chyma and cortical parenchyma have numerous plastids (fig. 1), each with
prominent starch gfains:(Fig. 2), closely appressed to the perimetef
of the cell.‘ Cells of the vascular parenchyma'and pith have fewer and
rather smaller plastids. In all cells, the plastids stain blue to
green with toluidine blue, red with acid fuchsin, and their starch
grains are PAS-positivet Nuclei are usually found aiong the longitudinal
walls.of the cells, although a shall percentage (ca. 15 %) may lie at
either of the cell poles. The nuclei stain blue-purple with toluidine
blue, red with acid fuchsin, and exhibit strong glutaraldehyde-induced
fluorescence.

The walls of non-lignified cells stain pink-purple with toluidiné
- blue, are weakly autofluorescent, and PAS-, alcian blue- and Calcofluor-
positive. The outer surface of the epidermis is bounded by a thin,
Sudan black positive cuticle. Aniline blue induced fluorescence is
shown by sieve plates in phloem, and by the pit fields that are infre-
quently found in such thin sections. Xylem consists entirely of vessel
elements, the secondarily thickened walls of which are strongly auto-
fluorescent and birefringent, weakly acid fuchsin-, Calcofluor- and
Schiff'raagent-positive, and bright green with toluidime blue. Vessels
are spaced apart with at least one and usually three files of vascular
parenchyma. Walls, nuclei and plastids in intact cells retain their

original staining properties throughout the grafting or wound healing
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process.,

Day 2 grafts. - In grafts of otherwise intact plants (hereafter,

"control grafts"), there héve been few changes in the appearance of the
intact cells. Some starch hés been lost from plastids in the stock near
the cut. The graft—Facing-walls,of a few cells in the vascular paren-
chyha have become noticeabiy convex (fig. 3). Other cells bulge into the
sides of the cut vessels, through the perforations in the secondary
walls. nge of 'the cortical cells in two scions had- also swollen at
the ends facing the grafts (fig: 7). There has been a detectable in-
crease in the amount of cytoplasm at the ends of some of the expanded
cells (f;g. 3). No cells have yet divided. As in all these swollen
cells in subéequent ages and different graft or wound types, aniline blue
. positivity, where present, is not consistently associated with the
visibly bulging parts of the walls. The mutual independence of nuclear
location, aniline blue positivity, and the outward face of expanding
cells is shown in fig. 4. Some wails of dead parenchyma cells show
patchy aniline blue positivity (fig. 5).

The dead cell walls retain their original staining properties,
and in the cortex and some of the vascular parenchyma (fig. 6), their v
configuration as well; in the rest of the vascular parenchyma, especially
in the scion, and in the pith of all grafts and wounds, the cut walls
have collapsed (fig. 3). Necrotic nuclei are characteristically cir-
cular or extgnsively flattened in sectional view, with a dense ring
around a pale granular core, staining very dark vioclet with taluidine
blue (figs. 3, 7). These nuclei may be attached to a wall, or sus-
pended by a strand of dead cytoplasm. Necrotic plastids are similar in

appearance to those in intact cells, although some loss of staining
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intensity is observed \(fig. 11}, and starch is retained throughout the

grafting or wound healin

rocess. The necrotic cytoplasm is usually
green to blue with toluidine)blue, acid Fuchsiﬁ positive, modefately
autofluorescent, and neggfive to the other histochemical reactions
employed. In appearance it may be granular or sheetlike; it may cling
to the cut walls (figs. 3, 11), bridge the cut end of a cell (fig. 6),
or form a central strand in the cell cavity (fig. 15).

Many cut vessels of thg stocks are blocked with a bubbly appearing
or foamlike substance (hereafter, "foam") (fig. 8) that is moderately
autofluorescent (fig. 9), green with toluidine blue, slightly acid
ffuchsin positive, and negative by the other étaining reactions used.
This foam merges with a thin layer (figs. 7, B8, 10) over the cut vas-
cular parenchyma, which has identical but much more inﬁense staininpg
properties. In addition, this layer is highly refractile, as shown
by its glisteni;g appearance, and intense blackness when viewed with
phasé—contraéf optics (fig. 12). It is also moderately bireFringent,'"
such that it is bright with the same position of polarizer and analyzer
as makes walls parallel to it bright (fig. 13). Its intense autofluor-
escence is independent of pH in the range 4.0 to 8.3. The thin refrac-
tile layer may be attached to the ends of cut cell walls,.capping the
cells, folding over and coating the insides of thg cut xylem elements
as far as the foam, or it may.be apparently free aver much of.its
surface. Sometimes two thin refractile layers cover the surface, one
of eachtype described (fig. 10).  Thin refractile layers were found
on all stocks of day two control grafts (fig. 7; table 2) but on oniy
one scion; they are also found on other graft and wound types at other

ages (tables 2 to 5), but never on cuttings.



Some vessels, usually in scions, are plugged with a dense material
instead of the" foam, with different staining properties (fig. 14). . The
dense plugs are brilliantly autofluorescent, and stain deep violet

blué, with a few small greeﬁ spots, with toluidine blue; parts of the

- .

plugs are positive to acid fuchsin, alcian blue and the PAS reaction.

Cut sieve tubes, on the other hand, are Plugged with a somewhat
diaphanous acidophilic méterial that.forms a lump on the sieve plates and
'iong, loose-appearing sheets from the graft- or wound-facing side
(Figs. 3, 15).

The other graft and wound types show éeveral differences from the
control grafts (table 2). In the i#olated internodes, somewhat fewer
cut cell walls in the vascular parenchyma have collapsed (fig. 15) and
few cut cell ends are covered with dead cytoplasm (fig. 15). The major
differences here are the nearly complete loss of starch, and absence of
the thin refractile layer.

The uncovered wounds are distinguished by the extensive loss of
stgrch, and the’ death of some cells not caused directly by cutting.
Often these.dead cells are apparently intact, but have the cytoplasmic
and nuclear morpholbgies of necrotic cells."Many cells have large
accumulations of cytoplasm at the wound-facing ends (figs. 16, 17). As
in the control grafts, the stumps have some of thé refractile material
over the vascular region (fig. T?). *

, Covered wounds at thiq agéfére remarkable for accumulating cyto-

plasm at the wound-facing ends of many cells (figs. 18 to 23)i retention
of starch by live cells, and for the amount of cell expansion (fig. 18).
Some cells already extend past the cut line (fig. 18). In any graft or

wound, the new surface thus exposed is typical of parenchymatous cell
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walls in appearance and in histochemical properties, and generally is
devoid of necrotic materials. Dead cytoplasm caps many cut cells in

the vascular parenchyma (figs. 18, 21).\ .

Day 4 grafts. - By the fourth day the first few divisions have
appeared in the scions of the cantrol grafts, parallel to the cut sur-
face or transverse to the plant axis. There is some accumulation of
cytoplasm in cells of the scion (fig. 24), rather less in those of the
stock (fig. 25), usually at the graft—fécing ends of the cells of the
vascular parenchyma. The nucleus is not always in the midst of the
principal aggregation of the cytoplasm (Flgs. 24, 25) More cells are
swollen in all tissues of the 501on, though in the stock such hyper-"-
trophy is still largely restricted to the vascular _parenchyma; no cells
have yet expanded past the original cut line (table 3). There has been
further collapse of cut walls in these grafts. Only a few caps of dead
cytoplesm remain covering cells of the vascular parenchyma of some
graft partners. The thin refractile layer is still present over the
vascular parenchyma of all control stocks (fig. 25), while fragments
are found on the scions. The associated foam is found in sSome of the
xylem of both graft ﬁartners, but none of the dense plugs are seen.

"The isolated internode grafts distinguish themselves (table 3) by
the large hypertrophied cells in the vascular Earenchyma, often pro-
truding well into the graft gap, rather more in the scion (fig. 26) than
in the stock (fig. 27):- Though easily damaged in the fixation process,
these cells show healthy nuclei and a certain accumulation of cytoplasm
at an early stage (fig. 26), though'lessrthan in the control grafts. By
the time the bulbous protuberances reach thé same size as their confined

bases, they appear as low in cytoplasm as any highly vacuolate cell before

-
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grafting (figs. 26, 27). The cut.celllwalls have not collapsed further,
and some have been Filled by tgé swelling cells. Some capping of the
cut cells byAdead cytoplasm remains (fig. 27). A few cells in the cortex
of both stock and scion of ane graft had died incidental to grafting.
Whether this cell death occurred after grafting or as e side effect to
it is nqﬁ apparent; see Discussion.
The.surfaces of the uncovered wounds (table 3) are still character-
ized by dieback and collapse of several cell layers (figs. 28, 29).
Virtually all the cut walls have collapsed. The cytoplasm of most of
the intact cells in the layer nearest the cut (fig. 28) is highly acido-
philie and autofluorescent, and stains dark green Wlth tolu1d1ne blue.
At later ages these reactions are associated with Sudan black positivity.
Both stump and cutting have started to accumulate starch in the live
plastids, rather cleser to the cut in the stump than in the cutting.
No swollen cells remain other than those fdrming tyloses. No cut cells
are capped by dead cytoplasm (fig. 28). ‘ &
The parafi&m covered cuttings have produced many more division walls
in all tissues (fig. 30) than any other treatment at this age, and the
stumps have only slightly fewer (table 3). At the same time the cuttings
have produced an almost continuous new surface over the vascular pare%—
chyma by hypertrophy of the live cells nearest the gfaft (Fig. 31). The
stumps have S?Eg well expanded cells, but not to such an extent as the
cuttings. Tpé accumulation of cytoplasm mentioned previously has dis-
appeared. ';ome of the cut cortical walls in thecuttings and stumps have _
collapsed, while a very few cut cells in the Qasculaf parehchyma of a
stump are caﬁped by dead cytoplasm (fig. 32).

Day 6 grafts. - Unlike the grafts deacribed previously (Stoddard and
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McCully 1980), these control grafts have not cohered ?y day 6. Divi-
sions have become more numerous in all tissues of the control scions,
equal numbers transverse to the'planF axis ‘and parallel to the graft
line (fig. 33; table 4), ex_cepi‘TrfTi:e starch sheath where all longi-
tudimal divisions are Found. In sections of the stock sllghtly fewer
new walls are found. Cortlcsl cells (Flg 34) show further accumulation
“of cytoplasm to levels comparable to those in the EdJECEﬂt vascular
parenchyma (figs. 35, 36), which have not changed since day 4. Cells
of the scion generally have more cytoplasm than those oF the stock. The
_ number and distribution of swollen cells have not changed appréciably
since day 4 (fig. 35), while some cells have protruded past the cut
line. The cut cell walls in the cortex still retain their original
configuration, but those in the vascular pafenchyma that have not been
supported by cellular hypertrophy have collapsed (Fig. 35). No cabs
of dead cytoplasm remain over the cut cells. The thin refractile layer
was present on all three scions with foam in one, and both foam and the
layer were present ia one stock (fig. 35). No-dense plugs are present.
Swelling of cells pést the cut line continues to characterize the
isolated internode grafts, especiaily the scions (figs. 37, 38). The
surfaces between the hypertrophied cells are covered with necrotic
material (fig. 37) while the new surfaces facing the graft partners are
typical of ordinary parenchymatous cell walls (Figs. 37, 39, inset in 39).
Whe}e these new surfaces come together in a graft (fig. 40), the new
contact wall is only sometimes distinguishable by thickness from adjacent
walls (fig. 42). In some gaps between'graff partners is a slimy-looking
material (fig. 43) with unusual staining properties, purplish-pink with

toluidine blue, very weak positivity to the PAS reaction or to alcian
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blue, spotty calesfluor positivity (fig. 43, inset), and sbsence of

autofluorescence. Nhlle best shown here, this material : (was also Found
in four 1solated 1nternode scions, one contraol scion, two parafilm
covered cuttings and four covered stumps, at various ages. Material
with a somewhat similss appeardnce and more intense.PAS positivity. is
sssocis%ed with abundant dark rod-shaped bsctsrie (fig. 28) which are
not ‘detected in the grafts and wounds producing the substance‘descfibed
hsre. Divisions are virtually absent except in one cohered graft, where

ot

there are equal numbers of transverse and graft-parallel new walls,

Ll

though some in the starch sheath were again longitudinslﬁ Cut walls

have not collapsed furthsr, msﬁy being supported by the expanded cells,

- and are no longer capped by dead cytoplasm.

The uncovered cuttings show the first indications of suberization.
Sudan black positivity (figs. 41, 44), autoflsorescence (Fig. 45) and
deep green staising with toluidine blue are well'develspsd in the layer
of intact cells nearest the cut. The next layer is very rich in cyto-
plasm (fgg. 46). The stufps as yet show no suberization (figs. 47, 48).

The para;ilm covered wounds are characterized by the combination of
extensive cell expansiop and division. (figs. 49, 53) with some suberiza-
tion of a few intact cells nearest the cut in the cuttings (Fib. 50) and
of extensive parts s} the cell’laysr nearest the cut in the stumps (figs.
51, 52). Uftsn there have been numerous pagaliel divisions within an
original mother cell wall (Figs. 49, 51). The cells in the stumps that
have 1nvaded the cut xylem vessels have expanded and pulled them apart
(fig. 53). No caps of dead cytoplasm remain over cut cells. Some cqt

cortical walls are collapsed, the rest retaining normal orientation,

oftten because of'support from expanding cells‘(Fig. 49).

et i S e bt s Al Y T
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ng_lg_gggfgg, - By the tenth day all coﬁtrol grafts in this sample
had cohered. Many cells have expanded past the cut line, especially
from the scian, and have divided many timeé (fig. 54; téQ}e 5). Many
cells retain visible amcunts .of cytoplasm (figs. 55, 56)'although con-
siderably less than previously. Some divisioﬁ walls are parallel to th;
graft, espécially in areas where there is yet no qontact, but where there
is contact it isﬁhard‘tn define any common plane of division. The walls
of those few cut cells not plugged by hypertrophy of subjacent cells
have collapsed, but their stéining properties are unchanged. Where they"
can be found, nuclei énd plastidé from the dead cells have not noticeabiy
changed since day twof The thin refractile layer was found on only one
stock in areas that had not cohered, foam was in the xylem of two
stocks, and dense plugé were absent. As always, the new surfaces ex-
posed by cell expansion in the cortex and vascular parenchyma resemble
ordinary parenchyma walls, and where they meet, the Jjoin is detectable
only by geometry (fig. 55). In the pith the swollen cells are still
covered By some necrotic material, so the line of join is thicker than
adjacent walls, and has areas of different staining properties resulting
from the dead cell contents (fig. 56). Some of the slimy-looking
materia%rmwﬁjcned for the day six isolated internodes is presanF between
the graft bartners (fig. 56). Suberizafion is absent from the graft
interface and from the cut surfaces which have not yet cohered.
Cells qf the isolated internodes have continued expanding toward
and into the graft gap (fig. 4) and the cut xylem. (table 5). Most cut
cell walls outside of the pith have been filled by expandeq’cells which
present the usual new surface. Demonstrable comtaét zones (fig. 57)

are found only with necrotic materials intervening, either in the
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centrai pith (fig. 58) or on the boundar& between vascular parenchyma
énd pith (fig. 59). Dead walls and contents remain between the graft
partners inrmost areas of cchesion. .

In one of these stocks, a vessel'element (fig. 60), already
matured to the point of having small secondary thickenings (Figs.'61,
62) . apbears to have ceased thaf line of differentiation and reverted
to parenchymatous status following cutting.. New walls have heen laid
down (figs. 60, 62) and the wall facing the cut bulges toward it (fig.
61)..

The lower ends of the isclated imternodes form a complete wound
periderm with profuse suberization (fig. 63) while divisions are few
and suberization at best spotty at the apical ends (fig. 64).

The uncovér;dlcuttings have renewed cell expansion and cell divi-
‘ sion by the tenth day (table 5) producing a new surface that is onf;
partly clean of necrotic materials (fig. 66). The outermost layewnsof
cells is largely suberized (fig. 65). There has been no cleanup of
necrotic material where it is surroﬁnded,by live cells, aé shown by the

unchanged plastids wifh. their starch grains intact (fig. 67). As
g ‘

~

)
usual, some dead walls are collapsed, others supported by invading cells.
e

There has been little cell death beyond the first one or two eprsed
layers. Very Tew cortical and vascular parenchy%? cells héve suberized,
in the cuttings. In the stumps the situation is quite diFFerent. Ex-
tensive dieback has been followed by division of cellsrﬁarallel to the
inner boundary of the dead area (fig. 68). The outermost layer or two '
of these cells has suberized (fig. 69) aﬁd the cells that have invaded
the cut xylem have expanded and-pulled it apart (fig. &8).

The parafilm covered cuttings (fig. 70) and stumps (fig. 71) have

3

LR e
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both produced a large number of new cells protruding from the vascular
parenchyma, all new walls Being parallel to the wound line (table 5).
Rather less éxpansion and division, still mostly parallelrto the sur-
face, have taken place in the cortex. A very few cut walls remain
collapsed, most having been invaded by éwelling cells. Diffuse slime
of the sort noted for day six isoli&ed‘internode grafts is found in two
stumps and one qutting. Many cells in the outermost layer in .cuttings

B

! . -
and stumps have suberized (figs. 71, 72, 73). The only new xylem cells

-

to have differentiated in the pads of new tissue covering the wounds

were seen over the vascular parenchyma in a number of cuttings (fig. 74).

In the grafts separated by parafilm, the scions have numercus new
walls parallel to the cut line, and the outermost layer of cells is
suberized in places (fig. 75). The stocks have very few new walls,

again parallel to the cut surface, but no Sudan black positivity was

found (fig. 76)..

v
~

Nuclear location. ~ In one sectiln of each stock, scion, cutting or

stump, the location of each healthy-appeRring nucleus was scored
according to the adjacent wall (side wall, or transverse wall nearest to,
or Farthést from, the wound), or central if not appressed to any wall.
An avérage of 16 nuclei per section were ‘thus scored, for a total of
2037. The uriginal axis was always used as the reference, though the
axis of cell polarity often changes in the process of expansion and
division.

" Nuclear location was not significantly affected by age or type of
graft or wound. There was, however, a difference between stocks and
stumps on the one hand, and scions and cuttings on the other (table 6).

Nuclear distribution is also unaffected by swelling of cells, but after
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Table 6.

Nuclear location, by percentage of total, for scions and cuttings,

or stocks and stumps.

Nuclear location within cell

e e e e At et S

Side of Total Cell sides Wound-proximate Wound-distant Central
qraft nuclei end end

Scion/cutting 1217 65 15 9 11
Stock/stump 820 69 16 8 7
Total 2037 &6 15 4 9

Note. - Results within a line with common underlinihg are not signifi-

cantly different at the 5 % level.

e cemid ‘-".'G:ME' -
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cell division the four categories of location become more neérly
equal. These data were not statistically tested because this randomi-
zation of the distribution.of nuclear location is gradual, and because
of the small sample sizesinecessaril§ involved and of the difficulty
encountered in some sections of stating whefher or not a given cell

has divided or is merely curving out of the plane of section. "

ey
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FIGURE LEGENDS
All photomicrographs show longitudinal sections. Unless otherwise indi-
cated, Glycol Methacrylate-embedded material was used, cut an indicated

one micrometer thick, taken fhrough part of the corner vascular bundles

% s0 all tissue bypes could be examined.

Fig. 1. Ungrafted Qtem, ‘epidermis (E) and corteg, showing numerous
parietal plastids ant! ;.nucleus (arrowhead). Toluidine blue staining,
x 270.

Fig. 2. Ungrafted stem, cortical cells showing starch grains in
chloré%lasts. Periodic acid-Schiff (PAS) reaction, x 1000.

Fig. 3. Day 2 éontrol scion, phloem region. The swelling ends cf
the cells often have visible cytoplasm associated with them (arrows).
Intact nuelei (arrowheads) show the health of these éells, while a |
necrotic nucleus FD) stains quite differently. A thin-refractiig layer
(T) appears as a light grey boundary. A cut sieve tube (S) shows the
characteristic slime leadiﬁg fram the plugged éieve plate. Toluidine
blue staining, x 1300. -

Fig. 4. Day 10 isolated interncde stock, xylem parenchyma. Nuc-
leus (N), areas of aniline blue positivity (calleose, C) and ;reas of ~
prominent cell bulging (B) lie in different parts of the cell. PAS
reaction, aniline blue induced flucrescence, x &10. LN

Fig. 5. Day 2 uncovered stump, cortex. A number of cell layers
have collapsed, one of fhem being distinguished by abundant aniline
blue poéitivity (bright spots). I, outermost intact cell. PAS reac-
teion, aniline blue induced fluorescence, x 1540.

Fig. 6. Day 2 control st?yk, cortex. Necrotic cytoplasm (C),

forming a cap over the cut cell, is paler than the adjacent fragment of
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wall (W), Toluidine blue staining, x 910. -
Fig. 7. Day 2 control stock,‘vascular region. Healthy nuclei
(arrowhead) and necrotiﬁ (D) are easily distinguished. Cytoplasm is A
especially prominent at the swelling end of the healthy cell (arrow).
A thin refractile layer (T) is present. Toluidine blue staining, x 1100 .
Fig. 8. Day 2 control stock, xylem éégion. Foam (F) blocks the
cut end of a xylem vessel and merges w;th a fragment of thin refrac-
tile layer (T). Toluidime blue staining,'x 720. |
‘Fig. 9. Day 2 control stock, xylem. Tﬁe foam (F) is autofluores-
ceht.‘ Autofluorescence, x 860.
Fig. 10. Histochemistry of thin refractile layér. The layer (T)
coating the inside of the xylem vessel and forming a cap across it is
highly autofluorescent. Autofluorescence, x 660.
Fig. 11. Day 2 isolated internode scion, cortex. Cut walls (i)
retain their original orientatién, and are lined with necrotic cyto-
plasm (arrowhead). Necrotic plastids (2) are indistinguishable from
healthy ones (1) in a cell with a healthy nucleus (N). Toluidine blue
staining, x 960. ' ~
Fig. 12. Histochemistry of thin refractile layer. The layer (T) &
is extremely dark when viewed with phaselcontrast optics. Phase con-
trast microsepy, x 440. |
Fig. 13. Histochemistry of thin refractile layer. The layer (T)
is alsp birefringent. Polarization microscopy, x 520.
_J/ Fig. 14. Day & uncovered stump, xylem region. The dense plug (P)
in this xylem element is bright%y autofluorescent. Autofluorescence,
x 530,

fFig., 15. Day 2 isolated internode stock, cortex .and vascular
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region. Cut cells are not capped by necrotic cytoplasm or thin fefrac—
tile layer. A sievé tube (S) is blocked by slime. Necrotic nucléi (D)
contrast with the healthy one (N). Note absence of accumulation of
cytoplasm. Toluidine blue staining, x 580.

Fig. 16. Day 2 qncovered cutting, vascular region. Many cells
have a considerable amount of cytoplasm at their wound-faecing ends,
and have healthy nuélei. Some of the ends facing the wound.bulge
noticeably (arrows). Necrotic cytoplasm (C) and crushed walls (W)
cover the surface. Toluidine blue staining, x 340.

Fig. 17. Day 2 uncovered stUEp, vascular region. A good deal of
rather foamy refractile layer (T) covers much of the surface. The end
of a cell with a healfhy nucleus (N) is close to the cﬁt surface.
Toluidine blue staining, x* 750.

Fig. 18. Day 2 parafilm—covered cutting, vascular region. Two
cells exceedingly rich in cytoplasm at their ends have swollen past
the cut surface. Necrotic cytopaasm (C) clings to parts of their sur-
faces. Toluiﬁine blue staining, x 900. |

Fig. 19. . Day 2 covered cutting, vascular region. Many cells
have accumulated cytoplasm at their cut-facing ends (arrows). A por-
tion is shown enlarged in fig. 18. Tolﬁidine blue staining,‘x 270.

Fig. 20. Day 2 covered cutting, vascular region. Two cells have
éxpanded past their original confines (opposed arrowhééds), and have
abundant cytoplasm in the expanding ends. Toluidine blue staining,

{

Fig. 21. Day 2 covered cutting, vascular region and iﬁEEFEBa§tex.

x 800.

Foam (F) and a dense plug (P) are present in the same xylem vessel.

Necrotig cytoplasm covers much of the surface. Healthy cells have much
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cytoplasm at their wound-facing ends (arrows). ,Joluidine-blue stain-
ing, x 380.

Fig. 22. Day 2 covered stump, vascular region. Slight accumu-
lation of cytoplasm surrounds the healthy nucleus of a swelling cell
that is covered with necrotic cytoplasm (C) and broken walls (W).
Toluidine blue staining, x 1010.

Fig. 23. Déy 2 covered stump, collenchyma. Healthy cells (note
nucleus [N]) have buléed out past their original ends (brokep lines)
toward the cut line. E, epidermis; W, cut walls. Cytoplasm shaws
signs of cell damage during fixation. Toluidine blue staining, x 700.

Fig. 24. Day 4 control scion, cortex. The expanding end of the
cell has a small amgunt of cytoplagm. The original location of the
transverse wall is clearly visible where the wall doubles in thickness
(arrowheads). -N, healthy nucleus. Toluidine blue staining, x 960.

Fig.-25. Day 4 control stock, vascular region. Necrotic cyto-~
plasm (C) caps some cut cells, and a loose thin refractilé layer (T)
covers this part of the section. The graft-facing end of the healthy
cell bulges toward thé graft gap. Toluidine blge staining, x 840.

Fig. 26. Day A isolated internode scion, ﬁhloem region. Several
cells protrude well into the graft gap. . One (A} has been damaged, while

another has a heélthy nucleus (N). Necrotic eytoplasm (C) covers ad-
jaéent cells. Note uniform staining of new surfaces of protuberances.

Toluidine blue staining, x 480.

Fig. 27. Day &4 isolated internode stock, phloem region. One cell

protrudes well into the .graft gap. Adjacent healthy cells are also
swelling (arrows). The cut surface is largely covered with necrotic

cytoplasm (C). N, part of healthy nucleus. Toluidine blue staining, .
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x 470. | S -

Y

x 590.

{ig. 28, Day.a uncovered cutting, vascular region. In some cells
(e.g., at "A) the bytoplasm stains dark green and has pulled away from
the wall, Qbile adjacentfcelfe (L), show o such phenomenon. Hany

bacteria (B) are found in some cell cayities. Toluidine blue staining,

¢ -

Fig,2 De§ ﬂ uncovered stump, vascular r gion.‘ Dieback has
A S

left a thick collection of walls (W) on some surfaces.” A piece of

“thin refractile layer (T) remains. Bacteria (B) are present in a cell

‘meters from the cut surface (partly marked by broken llne). Toluidine

cavity., Toluidine blue staining, x 920.

Fig. 30.. 'Day.4 covered cutting, cortex. Severeléoivisions have

-

. taken place roughly parallel to the cut 1¥fe. Toluidine blue staining,

x 270: ' e .
Fig. 31. Day 4 covered cutting; vascular reglon. Cell expan51on
has blocked xylem vessels (X) and created a néw surFace about 50 micro-

ghe ]

blue staining, x 270.

b

‘Fig. 32. Daf 4 covered stump, vascular region. The cut surface

is here unmarked by necrotlc cytoplasm and unbroken by expanded cells

The formatlon of cellular blockage of vessels is shown where one paren-
¥

chyiia cell has expanded 1nto the xylem through at least three perfofa--
tions (arrowheads) in the lignhified wall, Iolu1d1ne blue_staln1ng, X 240,
Fig. 33. Day 6 control scion, pith. 'Several new walls have,“

formed rooghly parallel to the cuf'line' Toluidine blue sgalnlng, X 180.

g Fig. 34. Day 6 control scion, cortex. The principal cell ehown_

‘has somelcytoplaem at the end that 13 bulglng toward the cut surface

from the orlglnal cell boundary (broken llne). Toluldlne.blue stain-

~
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ing, x 340.

Fig. 35. Day 6 control stock, vascglar region., Two cells (1, 2)
éhow:accumulatién of cytoplasm and nuclei at the wound facing ends,
and a third §3) has-expanded in an unusual fashion. Toluidine blue
staining; x 380. | | )

Fié. 36. Detail from fig. 35. A bubbly thin refractile layer (T)
covers th; cut surface.l The expanded cell shows only the bul@dus
part, at"ghe head of which is the nucleus. TolQidine blue staining,

x 1000,

Fig. 37. Day 6 isolated internode scion, vascular region. Nec-

rotic materials (M) lie between the expanded cells, while the éxposed

surfaces (arrowhead} show only new wall materfai.' Toluidine blue stain-

A

ing, x 1050, -
. . ~ . -
Fig. 38. Same section as fig. 37. .Numerous well-expanded cells

have formed a nearly continuous new surface_oVer the vascular paren-

.chyma, and have blacked xylem vessels (X). Toluidine blue staining,

x 240.

Fig; 39. Day 6 isolated internode stock, vascular region. Two

b r

cells®* (A, B) shown here/have swollen past the cut line;‘many cells
bulge into cut xylem elements. Sote necrotic cytoplasm (C) remains

capping cut cells. Toluidine blue staining, x 400. Inset: the new

surface (arrorhead) on ceil B has no mecroEiF material on it. Tolui-

dine blue staining, x 940. .
Fig. 40, Day é isolated internode graft. Two contact zores
(arrowheads) are spaced across the interface. Unidentified intercellu-

lar material (1) appears I the gra#t gap. Toluidine blue staining,
. . i jkl\ . ‘ ]

x 105. ' J

REEAA
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Fig; 41, Day 6uuncovered éutting, pith. The outermost intact
cells are completely suberized and form a continuous boundary (S).
PAS reaction followed @y Sudan black B.staining, x 240.

Fig. 42. The right-hand contact zone from fig. 40. No necrotic
material intervenes between the contacting walls. Toluidine blue

staining, x 1040.

Fig. 43. One of the patches of unidentified intercellular material

from fiq. 40,'next to a wall (W) covered with necrotic cytoplasm. Note

apparent holes, Feﬁ dark spots. Toluidine blue staining,'x 1020.

Inset: Calcofluor-induced fluorescence. Note few bright spots. x 750.

Fig. 44. Day 6 uncovered cutting, cortex. Healthy, densely cyto-
plasmic cells (C) adjoin fully suberized cells. Cf. figs. 45, 46,
EAS reaction followed by Sudan black B staining,;x 880.
' Fig. 45. Day 6 uncovered cutting, cortex. 'Thé Sudan black posi-

tive surface of the apparently empty cells (in figs. 44, 46) is highly

autofluorescent. Note rich cytoplasm of adjacent healthy cell (L)-:

-

Auto%luoregcence, x 1300. _

Fig. 46. Day 6 uncovered cutting, cortex. Heaithy cells
immediaﬁely adjacént to necrotic ones (N) have much cytoplasm. Tolui-
dine hlue staining, x 850.

Fig: 47. Day & uncovered stuﬁb, pith_ana vascular'region. Die-
back and cell collapse Haveieft an uneven surface, below whicﬁ are no _
divisions pr cell expansion.. ;oiuidine blue staining, x 210.

“‘ Fig. 48. Day 6 uncovered‘stump, cortex. The outermost layef of
cells shows no suberization. Here little dieback has followgd wounding.

PAS reaction followed'by Sudan black B staining, x 700.

Fig. 49. Day 6 covered cutting, cortex and vascular region. -

’ % -~
L}
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Divisions are parallel to thé living surface, whefher formed directly
By the cut or subsequently by dieback and collapse of adjacent célls.
Toluidine blue staining, x 135.

Fig. 50. Day 6 covered cutting, cortex. A thick necrotic layer
(M) remains. fhe.outermnst two layers of intact cells are suberized

(S). Many new walls are parallel to the cut surface. PAS reaction

followed by Suden black B staining, x 770, - e

-

Fig. 51. Day 6 covered stump, vascular region., Two or three °
layers of cells haQe newtwalls parallél to the cut surface, and the
outermost layer is suberizéd. PAS reaction Fﬁllowed by Sudan bléck
B staining, x 230.,

Fig. 52. Detail from fig. 51 showing the boundgry between suberized
‘cells (S) and non-suberized cellsq(G). - PAS reaction followed by Stdan
black-8 staining, x 880. | |

Fig. 53. Day 6 covered stump, xylem region. Behind the cut
surface, many cells have Filled the cut xylem, and pulled it apart by
further expansion. There ﬁas been no expansion.beyond the cut swrface.
Toluidine blue staining, x éao.

Fig. 54. Day 10‘c0ntr51,graft. Expansion of cells from both
stock and scion has obscured the graft line, which may be close to the
cut line of the stock, or closer to thé middle of the graft gap. The
cell marked (A) is magnified in fig. 55. Toluidine blue staining, x 260.

Fig. 55. Detail from fig. 54. The central cell may be from eitHer
stock or scion, but it is clear from its location that one of the walls
arrowed, probably the upper one, must be a contact wall. WNeither wall
has any necrotic material between it and the abutting wall. Toluidine

blue staining, x 920.
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Fig. 56. Day 10 control graft, pith. Some necrotic material
remains between these two cells, the upper from the scion, fhe lower
from the stock. Unidentified interﬁellular material (I; see fig. 43)
fills part of the graft gap. Toluidine blue staining, x 1130;

Fig. 57. Day 10 isolated internode graft,, vascular region and
pith. Some of thé contact zones are arrowed. Note Freqd;nt divisions,

of ten parallel to the cut surface. Cell A is shown enlarged in fig. 59.

- Toluidine blue.staining, x 100.

Fig. 58. Day 10 isolated internode graft, pith. Much necrotic
material (M) lies on the graft interface. Autofluorescence, x 550.

-Fig. 59. Detail of fig. 57. Contact zone between outer pith
of stock and vascular parenchyma of scion. Intervening necrotic ma-

terials increase the thicknmess of the contact wall (opposed arrowheads).

Toluidine blue staining, x 1000.

Fig. 60. Day 10 isolated internode stock, vascular region. A
xylem véssel element has ceased differentiating and reverted to paren- |
chyma-like cells (C). Toluidine blué staining, x 270.

Fig. 61. Detail from fig. 60. The bulging ocutermost cell wall of
the reverted element. Toluidine blué staining,. x 880.°

Fig. 62. Detail from fig. 0. The nucleus lies at'the cut-
facing end of one of the new cells. Some wall thickenings lie at
arrowheads. Toluidine blue staining, x 880,

Fig. 63. Day 10 isolated internode, basal end, hand section, pith.
Numerous parallel divisions have fo;med a wound periderm, the outer
two layers of which are suberized (5).- Shdan black Bvstaining, X 103;"

Fig. 64.-,Day jG isolated internode, apical end, hand segtion,

pith. Few divisions have taken place, .and only one or two cells have

\
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suberized (S). Note especially unsféined cell (C) at exposed surface,
which shows that the surface staining is not artefactual. Sudan black
B sééining, x 100. -

Fig. 65. .Day 10 uncovered cutting, vascular region. The outermost

layer of cells (S) is suberized. Necrotic cytoplasm (C) remains behind

the new surface. PAS reaction followed by Sudan black B staining, x 880.

Fig. 66. Day 10 uncovered cutting, cortex and vascular region.

Few cells have collapsed in kfe corsex, but a thick covering of necrotic

material (M) lies over pary of the vascular parenchyma. Numerous divi-

sions parallel to the cut QrFace have taken place,‘but only in those
cells nearest the cut. eneral expaﬁsion of the daughter cells instead
of longitudinal expansion into cell cavities has meant that no surface
is bare of‘necrotic materials. Toluidine blue staiﬁing, x 230.

Fig. 67f Day 10 uncovered cutting, cortex. Cells have expanded
around- the dead ptestids (P) and other necrotic material. The pléstids
retain their staréh. None of these exposed cells is suberized. PAS _
reaction followed by Sudan black B staining, x 720.

Fig. 68. Day 10 uﬁcovered stump, xyle@ region and pith., Extensive
dieback'(D)'iﬁ all’tisiues has prodﬁced a new surface of healthy
cells, parallel to which numérous diQisions have taken place. The

"-\ , .
outermost two or three layers of cells thus produced have suberized

(S). Cut xylem éléments have been invaded and pulled apart by expand-
ing parenchyma cells, some of which have suberized. PAS reaction
followed by Sudan black B staining, x 270.

| Fig. 69. Detail from fig. 68 showing interface of dead cells (D),
éuberized cells (S) and live cells (L). PAS reaction followed by

Sudan black B staining, x 880.
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Fig; 70. Day 10 covered cutting, cdrtex and vascular region. Few
cortical cells have divided, bﬁt there has been extensive cell divisian
and expansion in the vascular parenchyma. Most new walls lie parallel
to the surface. New xylem elements (x) have differentiated ié the vas-
cular parenchyma. Toluidine blue staining, x 130.

Fig;’71. Day 10 covered stump, vascular_regian. Several divisions
paréllel to the surface, and some cell expéﬁéion, have pfoduced a wound
periderm over the vascular bé;gﬁchyma. The outermost layer of intact
cells.is suberized (S). PAS reaction followe@’by Swdan black B stain-
ing, x 230.

Fig. 72. Day 10 coveré; cutting, hand section, pith. An extensive ;

(ﬁﬁﬁﬁh periderm has formed, the outer undivided cells having suberized
(S). Sudan black B staining, x 130.

Fig. 73. Day 10 cov@ed\:s;ump, detail of fig. 71. The oltermost
layer of cells is suberized (S), inner‘cells are not (C). PAS reaction
Followed'by Sudan black B staining, x 900. ‘

' Fig. 74. Day 10 covered cutting. New xylem cells (X) have differ-
entiated in the-callus over the vascular parejchyma. Toluidine blué
staining, x 350. ‘

: tFig. 5. Dax 10 éraft with partners separated by Parafilm,.hand
séction, scion cortex.‘ Some wound periderm Formation.is seen with
suberization (S) of the outlying cell-layers. Sudan black B staining,

x 270, .

Fig. 76. Day 10 graft with partners separated by Parafilﬁ, hana

gsection, stock-pith: 0n19 two layers of new walls (Wj are seen, parallel

to the cut line.” No suberization is found. Sudan black B staining,

x 270.



82

&y




. 83

// . DISCUSSION
The processes of wound heallng and graft formation in Coleus haVB some
initial 51mllar1tles but soon diverge, especially in the patterns of
detelopment of the cell. masses formed at the cut surfaces. “The early
" sl ilarities and later differences are discussed sepafaﬁely Beiew. A
concluding section on graft hybridization, incompatibility &nd disease
transmission is appended.

1. Early similarities. a. Necrotic materials, - Dead cells

found in the grafts and wounds may be divided into three categories.
There are-those which have been split and obviouely killed directly by
cutting. Others, not at the cut line, nevertheless take on histochemi-

A S

cal reactions suggesting necrosis, and may.be said to have died inci-
dental to cutting. "Finally, some cells, especially t;e thin-walled
hypertrophied onee, are damaged during the Fixefion process and show
some disorganization of cytoplasm although their histochemicel reac-~
" tions arelthose bg normal, not necrotic, cells.. The sen31t1v1ty of
these delicate cells to injury during preparatlon has Frequently led
to. loss UF'lnFermatlon on their internal organization.

The necrotie‘layer, also known as ileation.layer, insulation
layer, contact layer, and -incorrectly as wound guﬁ, initielly consists
of the walls and cuntents of cells killed by the preparatlon ofy the
graft partners (Vﬂchtlng 1892, Wright 1893, Kabus 1912, Mendel 1936
Juliano 1941, Buck 1954a, f1954b, Copes 1969, Stoddard and McCully 1979)1
The necrotic eytoplasm, pleetids and nuclei take on a phenqlie'reec—
tion, probably due te precipitation of aromatic eempounds liberated
from eyt vecuolee (Matile 1978) onte the e}ote%pecomponents. . The walls

-~

remain unstained by .the phenolic companents for the entize 10 day exami-

—_—
.
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nation period, possibly because -of the low content of reactlve proteln

groups (Preston 19743 .

The necrotic materials show no visible changes before disapoear—
anoe.' Staining intensity does not-gradoally fade, structures do not
fragment, but(necrotio cytoplasm and organelles do°become‘hard to
find. ‘Early in the development of all grafts and woonds, caps of dead

, N ;

cytoplasm which cover many cut cells, especially in the vascular

parenohx@a, are lost. These caps, belng thin, mlght have collapsed

into the cell cavities and merged with the dead cytoplasm there, ot

they might have been; ,degraded and lost

The loss of other dead components' generally takes place after

they have keen contacted by .live cell walls. Dead cell contents “are

obscured wherever there has been cell expansion to or bgydﬁ?\the cut

t \

tline, but they may remain intact in cavities surrounded by live cells
(fig. 67). The rapidity of the loss suggests either an efficient
degradation process,‘or an efficient loosening mechanism allowing the

componients to be lost during fixation. ‘Wall ingrowths, resembling

.those of transfer cells, which could account for such resorption, have

been reported on the graft-facing walls of Sedum telephoides grafted

- incampatibly onto Selanum pennellii (Moore 1978b). No such ingrowths,

however, were seen near‘the cuts in'the Eolggs stems, and their role
must remain oonjectural for now.

Some amorphous necrotic material often covers parts of the sur-
faces of the grafts even after contact-(figs. 56, 58, 59). It is
1mposslble to tell what eFFeot these remnants of nsprotlc material have
on cohesion, although it is gemerally held that cbll contact by- defl—

[y
nition, is Flrst establlshed where the necro layer is broken (e. g.,

.\ L-’: \_“.@ -

. ~N
) ' | ’ Q~——\/
. ' rZx

w
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Wright..1893, Mendel 1936, Buck 1954a; 1954b, Fletcher 1964, Stoddard ',

and McCully 1979). This matter is dlscussedqurther below with re-

R :

gard to. the production. OF new surfaces.

Unlike the cell coﬁtents,'the cut wgllg alway§ remain visible ap?
distinct. In the pith‘they collapse and are pu;hed badily outward by
gruﬁth of the subjacent cells. «Usually, ip the' cortex and vascular
pafench;ma, theﬁgéad cell cavities eventually become filled by exﬁan—
sion of subjacent cells, and the old walls cause an quareﬁt addition
to the th%gﬁhess of parts of the longitudinal walls of these swollen
cells. Thls intimate contact of new wall and old 15 not 855001ated
with any destructlon of the old wall visible at the level of the optical
microscope. This result is‘not unexpected, for it would seem difficult
for a cell to selectively remove a wall that is caught tightly between
its own wall and that of an adjacent cell without disrup£ing its own
' wéll, & system not at all compafable to that of differentiating xylem
. wherein the cell digests ;nly its own ﬁall (Esau 1977). It does, how-
ever, provide a pureiy‘phyéicgl method for obscuring old walls, which
gouid partly account for past reports of their disappearance élong wigh
the rest ;F th; necrotic materials (Wrighf 1893, Bradford and Sitton
1929;'Mendel 1936, Juliano 1941, Buck 1954a, 1954b, Fletcher 1964,
‘Copes 1969,. Stoddard and McCully 1979). :

The subsequent death of céIl.layers beﬁind unprotected wounds
shouid come as-no éurprise. It is perhaps more unexpected that the
covered wounds experienced no greater dieback than any graft. Thus the
limiting of. necrosis of the graft -surfaces is due not to the presence

of living tissue in the graft partner, but merely to the presence of

protection from the environment.
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1b. Nuclear placément. - The general distribution of nuclei, with

a large constant proportion aioné the lengthy side walls and smaller
proportions along the shorter end walls, may be explained<an the basis o
of random placement. The chance of fixing fhe‘nqéleds against a long

side of a cell is enhanced by that length. This-?xplanation allows_

for the randomization of distribution of nuclei following division,

wheﬁ the walls become more nearly equal in length. .It does not, how-

ever, account for the tendency of more nuclei to be found at the wound-
facing. ends 0% the cells thaf™¥at the wound-distant ends, regardless of
expansion of those cell ends, a tendency that achieves very great sta-
tistical sigﬁificance in the stobks and stumps (tablé 6). Nevertheless,
the proportien of nuclei at the wound-facing ends of the cells is so

small as to bring into question its biological significanéé. There is

no need to invoke nuclear proximity to allow cell wall growth, since dn
various models oF cell growth, more than one part of the wall is re- o
ceiving additions (Wardrop 1962,‘Roelofsen 1963) and 0bv1ously the

.nucleus €an not be in two or more places at once. Even in root hairs,

with unipolar tip‘grgwth, the nucleus is w;ll,back from the growing

‘tip (Eckdahl 1957).

Other nuclear and cytoplasmic_reactions have been shown in the hours
'Following wounding of“®onion epidermis, but delaying #he first observa-
tions of the Coleus until two days had elapsed has prewvented direct oL
comparison to those results, ‘which include loss of nu;lear dry mass in
the two cell layers nearest the wound.(ﬁ5 min.}fKulFinski et al. 1978),
increases in Bellular respiratiaon (maximup at 30 min.), nuclear volume

(1 b} and nucleolar volume (3 h) and nuclear movement within 2 h (Zieg- y

ler 1954),
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The uniformity of nuclear distribution among types and ages of

- grafts and wounds implies @ uniformity in the stimuli displacing those

nuclei under the different circumstances, followed either by an absence ”

of a redistributive influenceﬂor by the presence of a factor maintaining
the status que. Nuclear locat;on, especially when along the sides of
the cell is often independent of the site of aggregation of the cyto—.
plasm, particuiarly when that is at the wound—Facing end of the cell
(e.qg., figs.'3 7, 24). It has been recognized For at least a century

| that both nuclei and cytoplasm move toward.a wound (Tangl 1884),

' probably under the same stlmblus. Both Ritter {1911) and Ziegler «
(1954) concluded that when the nucleus is moved, it is merely carried

along in the cytoplasmic flow.

1e. Cytoplasmic cha;ges. - As in many other graft (Wright 1893,

Lachaud 1975, Stoddard and-McCully 1975) or wound (Tangl 1884, Rit&er
'1911, Zieg;ér 1954) systems, cytoplasm accumulates near the injured ’
surfaces. This accumulation may be due to either or both formation mf ¢
cytoplasm or to its redistriButi&n within the céii. Cytoplasm moves
toward a point of injury within a cell (see Aist 197?), and in neigh-

bouring cells it moves toward an injured or necrotic cell (Tangl 1884,

Ritter 1911) within minutes or hours. By the time two days have elapsed,

however, there has been plenty of time for production of new cytoplasm,’
as shown by the sheer volume of qytoplasm in many~cells (figs. 18, 19,
20, 46).

The attraction of cytoplasm teward a wound was first thought to be
based on simple chemistry, such as change.in pH, until Ritter (1911)
shovwed that similar responses elicited in the absence of wounds by

'appllcatlon of the suspected chemicals, were far too slow to share a
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~ common mechanism. Similar tests making‘use of modern knowledge of ,
plant hormones might cast more light on the nature of. the attracting

L =
stimulus. More recent experiments show that wounding is followed by a

‘rapid depol;;ization of cell membranes that is propégated through the
plant within seconds or minutes (Van Sambeek and Pickard 1976), theén

by a slow hyperpolarization of the membranes of the few cells neérest
the wound over several hours (Koopowitz et al. 1955)= but no study has
yet related these electrica%'phenomena to cytoplasmic movement. Such
;apid‘changes codld-not be expected to set up the gradiént required to
inform each cell of the direction in which the wound lies.

Two bther aspects of the distribution of the accumulation of cyto-:
plasm need mentioning. rF%rst, the vascular parenchyma genmerally s
fiéher in cytoplasm than is.the cortex or the pith. Second, there
aﬁpears to .be morq‘éccumulation of cytdplasm in the scions and cuttings
than'in the stocks and stumps. |

The concentration of cytoplasm in the vascular parenchyma is pro-
bably due £o the pﬁoximity of the nufrient- and hormone-rich vgscular
conduits, which is alse likely the cause for the large number pf divi-
sdons and large amount of cell expansion in this tissue, discussed below.
By da¥y 6 enough of thé active compounds have leaked out to the cortex
for i¥’ to produce more-qytoplasm. The reason for ;he earlier peak of
cytoplasmic content in the covered wounds is not clear.

The explanation of Ehé second aspect may be the following. The
poor development of tﬁe cytoplasm in the isolated iﬁtéfnode grafts may
be due partly to the présence of wderds at the énds of the internode.

Since the cytoplasmic accumulation, even where best developed, appears

only in the few cell layers nearest the wound, comprising, at most, less
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than a millimeter, and since the waands at the ends of the internode
are about 10 mm away from the graft, it is assumed that ény.eFFect at
the remote wounds must be -small, - Thus the isolated 1nternode tissue
appears to be 1nherently incapable of produelng a great deal of cyto--
plasm, an influx-of nutrients from other parts of the plant belng '
necessary As in most other grafting systems (see Stoddard and McCully
1980 for a-discussion of this point), there are mare nutrients avaidable
from the greater amount of photosynthetic “tissue tn the scions, anq
thus in the cuttings, than in the stocks and stumps. s

If it is possible for isolated internode grafts to heal with little
. development oé new eytoplasm, then what is the role of greater develop-
ment? Perhaps it is a case of"more" being better than "some". The
early rush of cytoplasm tewara a wound ie associated with the aep0~
':sition of wall material as waund piﬂgs (Tangl 1884, Nims et al. 1967) .
dgenerally contalnlng callose (Currier 1957) which in a few hours is
obseared by dther wall components (Aist 1976), which explains why ani-
line blue positivity is seen only infreqaently in the Coleus stems
(Figs. 4, 5). - .

Since the original accumulation of cytoplasm is related to depo-
51t10n of ~wall materlal, and disperses when that dep051t10n is complete
(Nlms et al. 1967, Aist 1976), it seems reasonable to assume that the
continued abundance of cytoplasm near the wound is a53001ated with the
continued productlon of wall materlal Twa patterns.af expansion of the
wall follow the peak of cytoplasmic content: in'some wounds, 1t is all
over the growing cell, lifting %the overlying dead cell layers (Flgs

53, 6B); in the other graFts and wounds the cell ends graw 1nva51vely

(e g., Flgs. 23, 24, 38).

N\
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- A further possible fole for the cytoplasm is the provision of .
proteins for the recognition of a suitaﬁle graft partnérz This suggésé '
tion requires that recaognition be.based upon contact between cells,
as could be provided by plasmodesmata, or upon the release of spgcific
proteins into the wélls. - | -

The present work casts no light on the question of bridging of tHe
graft by plasmadesmaéa. Pit fieids were found But infrequently between
cells within a a??f} partner, and.not at all at any site of contaét

.betweén‘partners. It seems unlikely that‘thére should be no symplastic
connection across a graft} for the Folldwiég reasons. <n guccessful
oFchid grafts, the-écion remains alive withouﬁ‘vasculér connection to‘
the stock, i.e., with only barenchxmatous.connections (Muzik 1958).
Simil;rly, ié graft-induced periclinal chimaergs, "connecting Fhreads”

' have long been observed bétween cells of the partmers (e.g., Hume 19j31,

implying'thé presénce of pit fie és. Burgess (1972?'reports half -

plasmodesmata in electron ﬁicrographs of apbarently rnormal pit fields

" in the walls between the chimaera'pértnerS'oF Cytisus adami (epidermis

af C. guréurea around Laburnum vblgare). He sﬁEws one convincing eleé-
tron picrograph (his fig. 10) wherein continpity "appears to consist of
half -plasmodesmata joined by an indirect bridge between their ends"_

- (Burgess 1972, p. 454). 1t remains to be shown at Qhat étage injgraft

. development plasmodesmata form, largely'bécause no system has yet been’
available in which the stock-scion interface could be identified re-
liably. Perhaps electron microscopy of parts of gfafts of 1isolated
internodes, where that interface is frequently conspicucus, can re-

Fl Y

* solve this problem.

L

1d. Other similarities. -- Both grafts and wounds show somé.develop—

4

4 -
o
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ment of dense.pluas and foam in the xylemn, sliee ie sieve tubes, and
thin refractile layers.

The location and eppearance of the slime in the sieve tubes make
1t probable that it is- P-proteln, which is well known for sealing
severed sieve tubes (Capny 1973, Esau 1977)

The dense plugs, which ;epeer mbst often rn scibns or cuttings,
%re remlnlscent of the true ”wound gum" whlch blocks cut xylem in many
wound situations (e.g. Swarbrick 1926, Moore 1978a). The term wound
gum Was first applied to this.rype of material, which is itSeif veriable,
and was later erroneously applied to. the necrotic material formed on
cut surfaces from killed cells (Mendel 193@). Necrotic material-is a
complex of dead walls and contents, while wod;a'gum has distinct optical
and histochemical properties (éeerbrick 1926, 1927, Moore 197Ba). The
dense.plugs clearly bear little histochemical similariﬁy to wall ma- -
terial, and as shown by the autofluorescence and toluidine blue |
staining, have a large content of phenolic substences, which ,may inter-
* fere with other hlstochemlcel reactions, such as causing acid Fuch31n
p051t1v1ty regardless of the presence or absence of protein.

The xylem foam, while sharinq a genéral pesitivity‘Fer phenolic
reactions with the dense plugs, is quite different from them and from
classical wound gum. The toleidine blue reactions of the two ‘types
of xylem inclusion differ greatly, es do their physical appearances,

_ and their intensity of acidophilia, The continuity and similaritys e‘
the foam and thin refractile layer suggest that they are one and the
same_material, thetnature of which is not altogether clear. Positivity

to acid fuchsin would suggest a high protein content, except ' that the

mild acidophilia of the lignin in xylem wall thickenings casts doubt on

e
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the specificity of the reacfion. . The lack of reactivity io Schiff - \h} |
reagenE alone (without preceding oxidation of the speciﬁen) implies
that the refractile materi&i‘iég_q low content of afaehyde gqoups,in.
contrast to the lignin of the xylem; so it is not corf@ct'to speak of
the layer as beingnlignified‘ _The properties OF refractlllty and bi-

refrlngence indicate a fairly well-ordered structure. Thln refractile’

layers are not mentioned in other work on wounding or drafting, so they

may be unique to the present'graft system.

ber of the Lablatae. Céertainly the phenolic reaction of the refféctilé
»material might haQe contributed to the opinion that the necrotic %a—
terial, on which i? sits, was lignified &ggg_references-in Bloch 1937).
The refractile material is.probably gnstable in the presence of
air,;since it‘thins and-ﬁiéappears from the uncovered cuttings and
stumps by day 6, while it remains on the control grafts through day 10.
Its general absehce from isgﬁated internode grafts suggests its synthe-
sis either along an extended leﬁgth of stem, or ih organs other than the -
internode itself, or from materials_imported from those organs, while
its absence from the covered cuttings and stumps may simply indicate
adﬁgsion to the parafilm which was removed in preparing Ehe tissue.
Its loéation in the xylem, in pérticular the way the maéerial often
coats the wall thickenings (Fig .1ﬁ), implicate the adjacent cells in
its synthesis. Ordinary upward flow in the xylem could sufflce to
brlng the material to the cut surfaces of stumps and stocks, whence it
could be transferred to scions, it being absent from cuttings (tables
2 to 5). The importance¥of the material to the plant is_.,notx-cl'ea“r,'"""""

unless it is as a sealant against microbial invasion, for which the
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phenolic content might help.

2. Later differences. - The differences in developmental anatomy

between grafts on the one hand, and wounds on the other, are best
- 4

demonstrated in the patterns of cell division and proliferation.

2a. Cell divisions and callus Formatlon - There a;e three pri-
mary planes of cell division: transverse to the axis of the plant
(kereafter, "transverse") or parallel to it (“longitudinal" or "axial"),
.
or parallel to Fhe cut surface, or to the living surface in those cases
in which'its location has changed due to death of some outlying cellg
("parallel”){e.qg., figs. 49, 68). Divisionswpg;;Enﬂicular to the living

, .
surface are very rare. _/

s, ’

As in most graft 31tuatlons (Wright 1893, Mendel 1936 Jullano 19&1,
Copes 1969, Stoddard and McCully 1979), early divisidns close to the
wound are predominantly parallel to the living surface, with rather
Fewa£ in the other planes. Farther back from the wound, planes of divi-

sion are more random. Between days 6 and 1Q, planes of division in

the grafts become more random, forming a callus, while in the wounds

_divisions become even more predominantly parallel to ‘the living sur-

face, develop;ng a wound periderm. Thus a visible difference in bri;
mary plané of cell diviSion develops between grafts with.Iiving partners
on the-ong hand, and wounds, without living partnefs, on the other.

The pith parenéhyma in many grafts, however, shows é‘périderh—like
proliferation (see figs. in Stoddard and McCully 1980). Hence a\graft
paItner provides mgre than the simple protection from the env1ron;%nt
substituted by the parafilm covering. .

Most cell divisions are found in the vascular parenchyma, possibly

for the same reasons discussed for cytoplasmic concentration. The cam-
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bium, along w1th the epidermis and, 1F prcsent endodermls, rarely con-
tributes 51gn1F1cantly to the callus of grafts, even in woody stems, the
bulk coming from the vascular parenchyma, some from -cortex and‘pith
(V8chting 1892, Wright 1893, Kabus 1912, Sass 1932, Sharples and Gunnery
1933, trafts 1934, Mendel 1936, Julianq 1941, Buck 1954a, 1954b, Warren
Wilson and Npgren Wilson.1963, Copes 1969, Thair and Steeves 1976,
Séoddard énd McCully 1979). In the isolated internodes there were vefy
few divisions outside the vascular parenchyma, which again is probably
related to the lack of influx of nutrients or hormonés, glthough the
basal endé are capable of forming extensive weund periderms (fig. 63).

Because isolated internode grafts Hevef reach 100 % cohesion (50 %
iﬁ Stoddard and McCully 1980, 40 % in the present study), some of the -
younger grafts examined might never have cohered and thus might have
contributed information not entirelgwgonsistent with eventual cohesion.
The general uniformity of the grafts at any one age suggests, howeyer,
that the differences lealling to cohesion méy be guantitative rather than
qualitative. For'example, there were rather more divisions in the
isolated internode grafts-which cohered at any given age, than in those
that did not cohere. Nevertheless, as before (Stoddard and McCully 1980)
cohesion often takes place in areas of the pith were there are very few
if any divisions. | |

2b. Cellular hypertrophy. - Grafts of 1solated 1ntern0des are dis-

tinguished by the presence of large hypertrophled cells which have but
infrequently divided (figs. 26, 27, 37.to 39). Such protuberances have
been reported for wounded leaves maintained in damp atmospheres (LaRue
1937, Rosenstock and Sondermann 1974), and for Epme‘grafts of monncét—

yledonous plants (Krenke 1933, Muzik and LaRue 952) unless prepared by

\
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‘breaking an active intercalary msristem (LaRue 1944, Huiik and LaRue 1952).

&
Some expansion (1n addition to tylosis formation, whlch is 1mportant

in all cases For sesllng severed xylem. vessels) is found at someestsge 1n
all graft and wound types, but generally with some cell division. In the
early stages gf grafting ssd wound hésiing, this expansion tends to'be -
at the ends of the cells facing the gap, psosucing largs bulbous pro- -
tuberances. In later stages, hohevef, mueh expansion in wounds is behind
the cut surface, bodily lifting the outlying cells (figs. 53, 68), while
in grafts expansion continues to be beyond the cut surface. A similar:
differentiation between subsurface divisions and e;pans1on on the one
hand, and surFsce expansion with 1nfrsquent d1v1510n on the other, is
seen in §§ggm'leaves (Rosenstock and Sondermann 1974). Periderm formation
wss’sﬁhanssd by low humidity, in older leaves, and by the presence of
dead cell material, while papilla growss was promoted by the opposite
conditions (Rosenstock and Sondermann 1974) The authors interpret’ thelr
results on the b331s of an osmotic gradient, any contributor to water
loss enhancing periderm formation st the expense of Qapilla growth. Such
an explanation might apply in the early stages of graft Formation-snd

wound healing in Coleus stems, where the uncovered wound produces very

- few papillae and first starts periderm formation. Later stages, however,

where wounds are covered and yet produce periderm, defy this explanation.
Localization of hypertrossy follows the same sequence as amplifica-
tion of cytoplasm: scions more than stocks, vascular parenchyma more
than cortex or pith, and largely at the wound-facing (i.e., free) ends
of cells, and again one may recall the explanation proposed sn the.basis
of proximity to the vascular conduits. Two questions are then raised:

first, what makes the lower end of a cell more likely to expand than the
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upper, as implied by the greater number of cells expandlng From scions
ithan From stocks? It is not a case of capablllty to expand since the
amount swollen by any cell is 1ndependent of whether it is in stock or
scion. Second, what causes the great amplification of cytoplash at -the
swelling‘ends of cells in some ;itqgtions, such as control grafts,.
while other célls seem capable of great expansion withopt mucH increase
in cytoplasmic contenf, as in the isolated internodes? Is the ampliFi-
cation of cytoplasm a secondary eF?ect, a way of maklng use of the 8(?11—
able nutrients when.ppesent, or is the wall made in its absence somehow
inferior? SUEh inFeriérity could be used to explain the decreased rate
of cohesion of isolated internode grafts described previously (Stoddard
and McCylly 1980), as some individual grafts would be so weakened as not
to cohere.

Cell expansion, wiﬁh or without concomitant cell.diﬁigion, is ne-
cessary if a new cell surface is Eo be exposed, as has classically been
assdmed to be prerequisite for cohesion of grafts (EEE Diécussion, Stod-
dard and McCully 1980). The validity of this assumption is again called
into question by the presence of places at graft lines where a new sur-
face is not exposed, yet certainly -no graft gap remains (figs. 56, 58,
59). There is as vet no wéy to determine the relative contributions of
aifferent contact zones, with intervening necrotic material or between
new surfaces, to cohesion. Some technique is necessary to gently relax
the tissue so areas in contact, but not cohering, can separate without
disrupting genuine‘zones of cohesion, and the tissue can then be exam-
ined microscopicélly.

‘éither type.of cohesion, however, depends on the propagation of

.some adhesive material which must penetrate at least the primary cell
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-waii, iF not an additional overburden of necrotic matefials. This sup-

onsifion is based on the evidence that the middle lamella, which appears
to be the cement étween cells in ordinary circﬁmstancesq is the first
cell wall layer to be produced after lelSlOﬂ (Esau 1977) There is evi-
dence based upon autoradiography and reasonable conJecture, Ehat the
pectic substances and hemicellulogeél(én old term with unfortunate con-

notations oF.uniFormity, but still applied to the range of mixed'pﬁly-

saccharides including galactomannans, glucuronoiylans, etc. [Preston

1979]) enter the wall by 1ntussuscept10n rather thgb\by layertng .as

cellulose (Preston 197&21\\There is further evidence Ehat aux(_f which

is apparently'in abundanceésat the 'bases of cuttings and scions (see 'ﬂ/
.Discussidn,ustoddard and McCully 1980), enﬁénces‘the prédubtioﬁ of the

monosaccharide components of hemicelluloses and pecting much more ithan

tHét"oF glucose, in coleoptiles Pf Hordeum {(Sakurai and Masuda 1978).
_ The question is thus gosed? if these £w0 groups of‘ﬁo;yﬁgcchariées can
be Fprcigzgfrt way into a wall, could they not bﬂxfprced right through
it, making the odter surface sticky to(ﬁrgreater;or lesser degree? : :Ag
There is possible evideace for such an extrusion in the material
appearing between some graft partners (figs. 42, 56) and\algo in sections
of some scions.and Eovergg woynds. This substénce is immediately dis- X
tinguishable from som;;hat similaftmate;;al associated with bacteria by
"the latter's stronger PAS positivity, ahd by the distinct absence of
anything reseﬁbling”ﬁﬁévdérk-staining rod—shaped bacteria found in the
latter. -fhe clear pink to pufplish~pink colour of this. substance when
stained with toluidine blue, and its weak alcian blue p051t1v1ty, sug-

gest weakly 301d polysaccharldes (0'Brien et al. 1964, Pearse 1968).

Calcofluor negativity implies an absence of pectins, callose or-eelTu-

’ e, ) .
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_Ulose (Hughes and McCully Tb?S), while weak PAS positivity indicates low
content of vicinal glycol groups aé Fouﬁd‘in pectins, starch and cellu-
lose (Pearse 1968), and absence of birefringence, a lack of alighment
o% microfibriis. Finally, the presence of small holes in the otherwise
amcrphous.mgterial and its apparent stretching between points of attach-
ment indicate a fairly cohesive material, in which'any fibres preseﬁt{

-, .form an interlocking metwork. On these bases, it is suggested that the

a  Substance is a wall component, possibly well-branched hemicelluloses.

. . Theré is no evidence to suggest or to demy that this material has | .
- a role in cohesion. uThese results should be compared with those of
Lindsay «(1972), who used a variety of treatments in an effort to sepa-
;ate day-old tomato grafts which had already cohered. Some éf the treat-
meqfs suggested a small role for pectins in cohesion. A pectinase solu-
"Fiqn caused separation of some 20 % of his graffs, and anly hypotonic
_ Buffer solutions sufficed to separate his gréfts consistently.' He col- (\i\
lected material staining by the hydroxylamine—FeCl3 method for pegtins
by -inserting cellophane between the graft partners, but this result is
questionéblebecauséseparation causes changes in the grafting process in
‘Eg;ggg (figs. 75, 76). His results are generally éifficult to interpreE
since his techniques had such low rates of success, and differed so
-_widely‘From the standard methods of wall fractionation (Jensen 1962,
Siegel 1962 % Prestan 1974) which have yet to be used to investigate the

cohesive substance.

2c. Callus cell differentiation. - Two types of differentiation of
the callus éells were seen., The first, in context not unremarkable, is
the differentiation of xylem elements (apparently without phloemjjiq the

callus of parafilm covered cuttings, which could be thought to indicate

al

o
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" that the covered cutting was acting as if it had a graft partner. Tﬁis
idea is best countered by the difFerencg in appeérance of callus of con-
trol grafts, where divisians are effectively random below‘the vascular
parenchyma, from the incipient wbund periderms of the covered wounds
with their highly ordered parallel divisions. It is more likely.that
this formation of xylem i;‘disordered, as seen in failed pea root grafts
where much vascular tissue is produced in the absence of cohesion (Stod-
dard and McCully 1979) and as associated with the aced%ulation of stimuli
inducing differentiation of vascular tissue afithe bases of scions (Stod-
dard and,McCuliy 1980) and therefore presumably of cuttings,

The second type of.diFFerentiation, which is entirel; restricted to
wounds, both covered and uncovered, is suberization._ Cells which were
presumably suberizing (fig. 28) showed other related histochemical reac-
tions, i.e., positivity to the phenolic component of the suberized la-
mella (Kblatfukudy et al. 1975) with toluidine blue and acid fuchsin, and
autofluorescence, before Sudan black positivity to the lipid components
{(Pearse 1968) developed. These reactions; which are not associated with
any apparént cytoplasmic necrosis, may result from release of phenolic
precursors of subérin (Martin and Juniper 1970, Koiéttukudy et al. 1975)
into the cytoplasm during fixation.

In covered stumps, the one to three iﬁtact layers closest to the
Qound and overlain by many degd cell layers suQeri;e. In the cuttings,
sﬁberizatioh is ugually confined to the cortical cells, again the live
cell layers nearest the wound being involved. Evén the covered cuttings
which had xylem différentiating in the callus had some suberization

taking place in the proximal live cell layer. This reduction in suber-

ization may result from the continuous enclosure of the cuttings, whereas
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the stumps and accompanying graftgﬁ;éré gradually exposed to atmos-

s

'pheric humidity.- In no graft, however, was suberization of any layer

-t

oé intact cells seen within the epidermis, aside from a éew caollenchyma
ceélls where Ehe epidermié and outer collenéhyma had been crushed in
prépé;ing_ the gréft. .

" thFU%~the§e seehs to be a clear difFerénce between patterns of ceil
division and differentiation in the vascular and cortical parenchyma of
grafts and wounds, although the callus of wounds and that of grafts are
indistingu'shable at their early stages (see also Bradford ‘and Sitton
1929), armf?he callus in the pith of many Egl29§>gréfts is reminiscent.
of wound periderm in its array (%ig. 13 in Stoddard- and McCully 1980).
Where a partner is present, the gap closes by somewhat random .callusing

\

with extensive hypertrophy of cells and without suye rggg;on of inmter-

venlng layers, though it may be presumed that the1
around the graft.gap eventually forms a suitable rotective barrier. The
plant part must have recognizedlébsence of a partner before day &4, when
suberization is alréady well initiated, and when the division plane is
commonly parallgl to the living surface. At an early stage, thus, the
plant must be able to discriminate between a wound closed by living plant
tissue and one not so closed, which has obvious adaptive significance
for the plant. It would be inféresting to know just what is the stimu-
lus inForminQ a8 wounded plant that a partner is available.

There are methods other,than provision of a graft partner to repress
wound periderm férhation. In potato tuber tissue, for e%ample, the peri-
derm may be replaﬁ%d by a proliferation in all superficial cell layers

similar to a graft callus, after careful separation of tissqe with dis-

ruption of the minimum possible number of cells, followed by'finsing
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away the débr;§3_then keeping'the tuber pieces in an atmosphere éesem—
bling the intercellular'environménf, with 100 %_Eeiativé humidity and
10 % C02 cont?nt (Danﬁé ;t al; 1970). Nécrotic material must be présent
for at least four days from w&unding,to alloszuberization of potatoes
(Soliday et.al. 1978). IH contrast, abscisic fCid alone suffices to
initiate suberization in cultured potato tubef'tissue (Soliday et al. 1978).

Grafting experiments show that wound periderm formation is repress-
ible in the preseﬁce of lérge'amounts of cell débris if a graft partner
is present. A parafilm covering, and enclosure in a container, clearly
prévided 100 % relative humidity for the wounded Coleus stems. Amounts
of C02 were presumably similar-{n control grafts and grafts with -
Film-between the partners, which neﬁertheless'suberize7 (fig. 5:;T8::;‘\\
in incompatible gr;Fts which gften heal like wounds with a periderm
(Proebsting 1926, 1928, Bradford and Sittonl1929, Argles 1937, Mosse
1962, Lachaud 1975).‘ Furthermore, an apbarently normal, suberized peri-
derm completely encloses the cavity in potatoes afflicted with the
physiological disorder, "hollow heart" {Dean et al. 1977). Thus simple
absence of an adjacent living graft pariner, all other factors being
equal, is sufficient to allow wound periderm formation and suberization
in Eg}gg§:- It may be that this graft partner provides a sink for ab-
scisic acid, preventing it from reaching égberization—inducing levels.

1t may be worthwhile to spend a few sentences here speculéting on
why plants graft. There is in nature, after all, no case wherein a
plant could cohceivably become completely severed and regrown together.
Various steps in the grafting process ars/mirrored in wound healing,

others in natural approach grafts. Formation of necrotic layer and

callus are aspects of healing of any wound, and bridging by vascular
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tissue is found in heallng of deep narrow wounds (Jacabs 1952, 1954, La-
-Motte and Jacobs 1963 Thompson 1966). PolllnatlonAlncompatlblllty shows
a strong but not perfect correlation with grafting incompatibility (Ad-
“-dison and Tavares 1952, Evans and Denward 1955), and in natural subter-
ranean root grafts connections are- v1rtually always among members of a
single species (LaRue 1934, Bormann and Grahaﬁ 1959, Keane and May 1963,
‘Bormann 1966, Graham and Bormann 1956; qud and Eachelard.1970, Eis 1972):
’ Cohesion is also seen in tae develoﬁméntal fusion between Flower parts
(Esau 1977). Thus the grafting prucess‘may be cdnsidefed as a fortui-
tous combination of a number of processes wﬁich can héppen hétukally in
various-parts of a plant.

‘3. Graft hybridization, incompatibility and disease transmission.

\;‘.: The hope has long been held that by grafting two plants together one

could samehow get a hybrid. In higher plants one may assume that 5rdi~
nary uriinucleate cells are killed when they are cut. If death is not
instaétaneous, it should surely take place in the several minuﬁes requi-
red to get stock and scion together. Furthermore, in most grafts exam-
ined (e.g., Crafts 1934, Mendel 1936, Buck 1954a, 1954b, Fletcher 1964,
Stoddard and McCully 1979) it is several days before there is cellular
contact between graft partners, although Lindsay (1972) found some co-
hesion at day omne. Even if two cells did fuse, one is left with the
problem of getting a plant from the product./ Certainly the-tfggues near
the union could be cultured, but there would be little guarantee that
hybrids grown from the culture were formed in the graft.

-~

There are few exceptions to the rule of death following cutting of

S

cells. Living syncytia, for example, must be able to repair themselves,

otherwise small injuries would lead to massive losses of plant tissue.
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Thus, in the siphoﬁaceous algae, cut coenocytes may form wound plugs of
highly variable compoéitiond(ﬁrxogsis,uBurr and West 1971; Caulérga,
Dawes and Goddard 1978). Wounded phloem of higher plants plugs itself
with P-protein (Canny 1973, Esau ;;77) but the sieve tubes are enucleate
and thus could not be expected to contribute to graft hybridization.
The case for- laticifers is'less clear. Chemical and microscopical
./“EBalyseé of latices of -graft partnérs indicate that they do not mix in |
the plant whether the laticifers are articulated (Hevea, Hoop and Osten-
dorf 1932, Taylor et al. 1951; Taraxacum, Prokofieg 1944) or non-articu-
» lated (Parthenium, Taylér et al. 1951), which would seem to indicate lack
of fusion of the latififers. Artschwager's description of the develop-
mental anmatomy of the graft unions in several Compositae tin'Taylor et
al. 1951) appears to neglect the problem of the non-articulated latici-
fers bridging the graft. NeQerﬁheless, one is still left with the
question af whether joining of laticifers across a graft line, eveﬁJiF
it does occur, would constitute a graft hybrid simply because of the pre-
sence of two types of nucléi in the cell, which could not be expected
to produce a ﬁlant in ordinary circumstances. .
=~. If cut cells are unlikely to unite and furm a dikaryon, then, ar
there other ways for transfer of genetic inFormation aCréss_a graft
union? Michurin deQeloped'a "Mentor" hypothesié wherein he required
that the scion be genetically lgbile when inserted into thé stock, and
then paradoxically become pronouncedly stable ﬁBrabec 1965). 'In general,
any explanation of graft results on this basis can equally well be ex-~

plained, for example, by nutritional or osmotic changes brought about |

y different requirements for nutrients by stock and scion {Brabec 1965, 4

Lipetz 1970). Furthermore, the changes are\&ssilly not heritable. In

¢
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N '
thﬁ few cases where herltablllty has been shown, 1t has usually been a

matter of young seedllngs‘From self-fertilized scions hav;ng an alkaloid
content iaditatiUE‘uF a;stoekvscion hybrid. Ina short time, howevar,
the seedling establlshes its own alkaloid praductlen system and the
\Ferelgn alkaloids laid d0wn 1n seed synthe51s are either destroyed or
diluted into 1n51gn1F1cance, and do not appear in later generations
(Brabec 1965). If this proviso does not hold, exaﬁgaatioh-GEiUngrafted
plants shows that inherent genetic fariability explains any Change sup—‘
'pesedly wrought by a mentor (Brabecg1965). . |

A fairly recent paper on Heritable.chapges in Capsicum peppers
purports to show transmlsslon of Fru1t1ng characterlstlcs from stock’
to scion (Ohta and Chuong 1975) Controls, however, are.inadequate, as
there is no attempt to examine the rate of change of Fru1t1ng charac-
terlstlcs in autograFts or in ungrafted plants.

Grafting is frequently put to use for the detection and 1ndex1ng
of diseases, usually of virus origin. A leaf or some small part of the
plant to be tested for disease carriage is grafted onto a susceptible
indexing plant, and ahy development of symptoms noted, usually after a
couple weeks (e.g. Schneider 1971, Frazier 1974) by which time the con-
nections between gratt partners are presumably complete. While diseases
may be graft-transmissible, there is absolutely no evidence for transc
missibility of disease re51stance (Arroyo and Selm n 1977), which would

be a form of transfer of genetic 1nFormat10n acros&’a graFt When a

stock, fgr example, is used to impart disease resistance to the plant,

as in Phylloxera attack on VitiszyiniM™ra, it is simply a matter of
TNy -oxera ¥ 2
blocking entry of the parasite.

This transmissibility of viruses through grafts is responsille for
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one type of graft incompatability,.which is not eliminated by the use
" . qf a length of a mutually compatlble variety called an 1nterst0ck.
EV1dently, vrruses from a tolerant carrier graft partner are trans—
e

mitted to a susceptlble partner (Mosse 1962)

‘Incompatlblllty can be caused by a number of other factors. A

rticularly well studied example is the combination of pear on quince,
‘the combatibility of which depends on the cultivars of the partﬁers.
Basing his argumenr partly on some very bad electron and light micro-
graphs,.Buchloh (1960, 1962) developed a model involving hydrolysis of
the glycoside of pears, arbutin’, to a hydroquinone which oxidizes to an
iphibitor of lignification, compatibrlity being allowed‘by rapid reduc-
tion and sequestéring of.the oxidation product. A model with consider-
abl§ more supporting evidence has éfhce been developed, Based on hydro-
lysis of prunasin, a graft-transmissible glycoside of quinces, by the
beta-glycosidases in.pear that ordinarily act on lignin precursors. 'The
hydrolysis product of the prunasin decomposes, releasing cyanide, unless

_ thqggﬁﬁﬁ%tible partﬁers are ableto detoxify it (Gur et al. 1968). The
cyanide injures the incoméatible scion's base, reducing translocation of
sugars to the stock, so rhe cells of the stock are starved and start
using the ngar of the prunasin, allowing further release of cydnide
and poisoning the stock. Grafts may live for years and then break
suddenly, survival time apparently depending on a wide variety of fac-
tors; for example, production of prunasin is higher in spring and fall,
lower in summer and winter (Gur et ;?T-1968, Brian and Duron 1971).

Incompatibility in grafts may also be evidenced by a complete ab-

sence of cohesion (e.g., tomato on Pelargonium, Wright 1893), failure

to establish cambial continuity following callus fusion (several com-
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binat{nns-aF—fruit trees, Argles 1937, Brian and Duron 1971), or
breaknné of the cambium followed by parenchymatous proliferation, the
cambia of stock and scion theW running parallel teo the.gfaft a;k pro-
duc;zg bark parallel to the graft line which then separates (Pfoebsting
1926, 1928 Bradferd and Sitton 1929, Argles 1937; Mosse 1962 Lachaud
1975). This last case is.an interesting example of a graft reaction
converting to a wound reagtion. Frequently the xylem.union is evidently
perfect while the pkloem degenerates (DuFFiéld and Wheat 1964, Silen
and c&%és 1972). <

On the basis of production of ”pr901p1t1ns" by graft partners,
Kostoff (1928) proposed an, antlgen-antlbody mechanism for graft incom-
patibility, which has been rejected repeatedly since (Argles 1937,
Herrero {951 Mosse 1962, Lachaud 1975) because of absence of ev1dence
Recently, Yeoman et al (19789) have speculated on a role For lectlns
in mediating tpe compatibility réapgion, while admitting that there

is no direct evidence supporting this idea. .

Se of the complex nature of the mechanism, many communications
on gfaft incompatibility are necessarily restricted to a detailed des-
ription of an individual incompatible combination (e.g., Amos et a%i

1936). The study of incompatibility has contributed but little to the

knowledge of the grafting mechanism. -
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. CONCLUSION - LT
The principal conclusion of this work is that the grafting process is

séparable into a number of éomponents, each under apparentlx_fndependént

- control. These processes are cohesion; callus formation, composed of

the independent sﬁb-processes of expansion and division of cells; for-.
mation andlsubsequent removal-of the necrotic layer; bridging of the
graft by xylem, by phloem and by a cambium; and either a repression or
an absence ofystimulation of wound periderm formation and suberization.
it is Furthe;\ghown that wounds ;nd grafts, Folloﬁihg some initial simi-

larities, heal in different ways, with different patterns of cell division

as well as differentiation established as soon as four days after wounding.
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