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ABSTRACT 

P~netration of th8 stems and leaves of Gomphocnrpus physocarpus by 

the aphid, Aphis nerii was studied with light and phase microscopes. 

penetration of the epidermis and ground tissue was largely intercellular, 

that of the phloem tissues partly intercellular and in part intra-

cellular. Of 75 pairs of stylet tips encountered in presumably 

functional sieve tubes 73 were lodged in sieve tubes of the internal 

and adaxial phloem. Light and electron microscope investigation of 

the ontogeny and differentiation of the primary phloem revealed that 

the internal and adaxial phloem attains a more advanced stage of 

maturity earlier than the corresponding external and abaxial strands. 

Furthermore, the protoadaxial phloem sieve tubes remain functional 

throughout the primary stages of growth, whereas the correspcnding 

abaxial phloem sieve plat es are associated with massive deposits of 

definitive callose during the latter stages of primary growth. The 

internal and adaxial phloem was found to be capable of independent 

assimilate translocation in plants which had the external phloem 

experimentally ringbarked. Translocation in the internal and adaxial 

phloem of such plants was unaffected by ringbarking. The results are 

interpreted as indicating that a greater proportion of assimilates is 

translocated in the internal and adaxial phloem sieve tubes than in 

the external and abaxial sieve tubes. It is concluded that this 

governs A. nerii 1 s preference for the internal and adaxial phloem 

as a prime feeding site. 
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1. INTRODUCTION 

Plants containing internal phloem are not common amongst the 

Dicotyledons. Metr-alfe and Chalk ( 1950 ) list 13 familes in which 

internal phloem occurs commonly , amongst which are the Asclepiadaceae. 

Internal phloem occurs inf requently to rarely in a further 14 

Dicotyledonous families. 

Very little is known about phloem translocation of assimilates and 

other organic substances in plants which contain both external and 

internal phloem. Much of the present state of knowledge of the mechan-

isms involved in the translocation of assimilates and other dissolved 

organic constituents of phloem sap has been worked out from plants 

which have external phloem only. It is easier to work with such plants, 

as damaging manipUlative techniques are kept to a minimum. 

Autoradiographic techniques have long been used in an effort to reduce 

the damage caused by manipUlation of the plants during translocati on 

experiments . With few exceptions, such investigations have been confined 

to plant species lacking internal phloem or bicollateral bundles. Webb 

and Gorham ( 1964 ) using tissue autoradiographic techniques, demonstrated 

that distribution of 14C after a 30 minute assimilation period was 

, equally heavy in adaxial and abaxial phloem of bicollateral bundles in 

petioles of mature leaves of Cucurbita melopepo . Later, Tripp and 

Gorham ( 1968 ) suggested that bidirectional transport of tritiated 

14 
glucose a~d C assimilate took place in the phloem of C. melope~~ . 

Their autoradiographic results further suggested that under the experi-

mental conditions, the internal phloem carried no radioactive assimilate. 

In other worrJS I under the experimental condi tioris, the results of Webb 

and Gorham ( 1964 ) and Tripp and Gorham ( 1~68 ) would seem to 
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indicate that the external and internal phloem in stems and the . 

adaxial and abaxial phloem in petioles of £. melopepo may be capable 

of performing different translocatory functions. However, it must be 

borne in mind that early results such as those of Webb and Gorham ( 1964 ) 

and Tripp and Gorham ( 1968 ) are subject to criticism in the light of more 

refined techniques used in the autoradiography of water and soluble 

substances ( Fritz and Eschr ich, 1970). More recently, Sheldrake 

( 1972 ), using liquid scintillation techniques, demonstra ted that 

polar transport of auxin was confined mainly to the internal phloem of 

Nicotiana tabacum ( cv. Java). He suggested that the increasing ability 

of the internal phloem to transport auxin is probably associated with 

the progressive secondary development of the internal phloem. 

The technique of using feeding aphids and severed aphid mouthparts was 

used by Kennedy a nd Mittler ( 1953 ) to study the nutrition of 

Tuber olachnus ~alignus ( Gmelin ). Weatherley, Peel and Hill ( 1958 ) 

applied this technique to study the sieve tube physiology of Salix 

viminalis. Subsequently, an increasing number of investigators have 

adopted this technique in attempts to rationalize some of the many 

problems and major controversies associated with phloem translocation. 

The reason for the adoption of aphid feeding techniques is simply 

that the relatively narrow diameter of the piercing organs of aphids 

( 5,0 to 3,0 ~m and less) are likely to cause less substantial damage 

to the s ieve tubes than ot her known t echriques. However, all investi

gations have been confined to plant species with external phloem only. 

Many of the aphid species used were lurge, and could consequently 

damage the sieve tubes after prolonged periods of feeding ( Evert at al., 

1968, and the literature cited therein ). 

If meaningful results were to be obtained L~om a study of t!-Je trans-



location of assimilates in the phloem of a plant which contained both 

external and internal phloem, aphid feeding experiments would have to 
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be incorporated in the experimental procedures . The use of live, feed

ing aphids was thought to be preferable to severed stylets, as t!:'3 latter 

,could well be responsible for the formation of a local sink, towards which 

the assimilates would be attracted. 

The problem was to find a plar.t with external and internal phloem, which 

was the host of a suitable small aphid. Further the aphid would have to 

have piercing organs of small diameter, so as not to appreciably damage 

the sieve elements~ Aphis nerii is a small yellow aphid, which ranges in 

size from 1,0 to 1,5 mm in length . The aphid was observed to feed on 

Gomphocarpus physocarpus., a member of the Asclepiadaceae, or milkweed, 

which is a family of shrubs and herbs occurring mainly in warm countries 

and numerous in South Africa . g. physocarpus is a shrub which may attain 

a height of about four to five feet and lives usually for about two to 

four years. 

Some of the plant material with attached aphids was collected , hand

sectioned and observed under a microscope. A stylet sheath was seen to 

traverse the stem tissue, terminating in the internal phloem of the plant. 

of great interest was the fact thEt the stylet track had passed through 

an external phloem bundle. Further investi gation revealed a similar 

pattern of penetration. In other words, it appeared that the aphid fed 

preferential ly on the internal phloem . Did the aphid feed on the internal 

phloem by chance or by choice? If by choice, then what factors inf-luenced 

its choice? As far as could be ascertained, no other observati ons of 

preferential f eeding by aphids on internal phloem of bicollateral bundles 

had been recorded. The Ii tere.ture revealed one very i lnportant and well

documented point, which seems to have been overlooked by investigetors of 
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phloem translocation. Hanstein ( 1864 ) recognised internal phloem in 

the Apocynaceae, Solanaceae, Cichoreae and the Asclepicdaceae. Moreover, 

Hanstein conducted ringbarking experiments which revealed that ths 

organic materials continued to move through the ringed portion of the 

stem. These early observations can give no indication if, on reaching 

the ring, the organic materials bypass it via the internal phloem. 

Equally important , Hanstein's observations do not yield information on 

. the fate of the organic material in the external phloem abo\/e the ringed 

portion of the stem, and also whether the internal phloem is damaged in 

any way due to ringing. To date, the answers to these questions remain 

unsolved. 

The aphid's apparent preference for internal phloem as a food source, 

coupled with Hanstein's findings seemed to indicate that the internal 

phloem may continue to function in the long distance translocation of 

assimilates even when the bark is completely removed over part of the stem. 

The primary aim of this study was twofold: firstly to determine the 

relationship of the external and internal phloem in the translocation of 

assimilates in Gomp horcarpus ehysocarpus, and secondly to determine the 

anatomical, ultrastructural , and physiological factors which influenced 

the choice of feeding site of Aehis nerii. Further, it was hoped that 

"the information gained would be of use to other investigators of phloem 

translocation and that this study would stimulate further research on the 

minority group of Dicotyledons which have both external and internal phloem. 
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2. MATE8IALS AND METHODS 

2.1 Light and Electron Microscopy 

Suitable stem segments, apicies and leaves of varying morphological age 

were excised from vigorous GomphocarPlIs physocarpus ( E. Mey ) plants 

and immediately transferred to either FAA (Sass, 1958 ) or to 0,05 M 

cacodylate buffer pH. 7)0. After the plant material was placed in the 

buffer the median portion was removed under buffer and immediately 

transferred to ff/a gluteraldehyde in cacodylate buffer, pH 7,0. 

Fixation and further processing was according to the method of Evert 

et 81 ( 1973a ) • 

The stem segments which were placed in FAA were fixed under low vacuum 

and dehydrated in an alcohol series and embedded in paraffin wax, to 

which 2fJljo . ( w/w ) of ceresin had been added. Sections were cu-c at 

4 - B j.Jm. The sections were variously stained in either s a franin-fast 

green ( Sas s , 1958), or in periodic acid-schiff ( PAS) and counter

stained with toluidine blue, pH 4,5 (Feder and O!Brien, 19GB ). 

The gluteraldehyde-fixed stem and leaf segments were embedded in Epron-

Araldite. Sections Weine cut on an LKB ~l trome II at 0,25 - 0,5 1..10; 

and stained in PAS- toluidine blue. 

under phase and transmitted light. 

Selected sections were photographed 

For electron microscopy, ultrathin sections were poststained in uranyl 

acetate and lead citrate prior to viewing with a Hitachi HU-llE electron 

. microscope ( Reynolds, 1963 ). 

2.2 !;lght Microscopy of Stylet Penetration 

Colonies of the aphid, Aphis nerii (B. de F.) were established on 

g. physocarpus plants ranging in age from six to twenty weeks and older. 

Plants with suitably established aphid colonies were selected for light 

micro ~ cope investigation of stylet penetration • The aphids were 

killed .iQ ~l;!. by expLlsing them to 10fJl/o acrolein vapour. Leaves and 

stem segments to which aphids remained attachEd, were immediately 
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transferred to FAA and were fixed under low vacuum for 24 hours, after 

which the tissue was diced into smaller more manageable pieces, and 

dehydrated through an alcohol series. Embedment procedure was as 

described in 2.1 above. Sections 12 ~m thick were variously stained. 

Safranin-fast green proved to ' be the most suitable staining combination. 

With this stain combination rl the stylets stained a golden brown 

colour and the salivary sheath a dark red. Selected sections were 

photographed under phase and transmitted light. 

2.3 Preparation of Stock 14Carbonate and Generat ion of 14CQ2 

14 
5,0 mg of Ba C03 (Radiochemical Centre, Amersham), specific activity 

61,1 mCi/mM, was blended with 5,0 g of BaCD3 • The activity of the 

resulting mixture was approximately 6,47 x 105 dpm/mg. 10,0 rng of the 

stock carbonate was added to 2,0 ml test-tubes, which were po<;,itioned 

on lengths of dowelling with the mouth of the test-tube being in close 

proximity to the abaxial leaf surface. . One ml of 0,5 N H
2
S0

4 
was 

carefully added to the test-tube, in such a wi3.Y that the acid rE.n down 

the wall of the tube. Before the acid reached the carbon source, the 

mouth of the tube wa.s sealed onto the abaxial leaf surface with strips 

of masking tape. 

At termination of the experiments, 1,0 ml of 10CF/o ethanol was added to 

scintillation vials, to which was added the plant material, or in the 

case of the aphid feeding experiments, the s~gments of cellophane disc. 

After cold extraction for a period of from 0,5 to 4,0 h, 15 ml of 
14 scintillation fluid was added and the amount of C present in each 

vial determined in a Unilux II Nuclear Chicago liquid scintillator, 

by standard channels ration methods to determine the quench correction 

values. Radioactivity, in terms of dpm, was computed on a desk-top 

computer. 

2.4 Experiments With Aphid Colonies 

Colonies of the aphid A. nerii were established on 20-week-old 

Gomphoc~~ plants, usually four to seven days before the plants were 

used Experimentally. The technique used to collect honeydew was 

essentially similar to that of Eschrich (1956) with the exception 



8 

that the radioactive honeydew was collected on a cellophane disc, 

which was placed on the face of a clinostat. At termination, the 

cellophane discs were cut into their respective hr segments, placed in 

scintillation vials and treated as described in 2.3 above • 

. 2 .5 . t' f 14C f .. 1 t . th B k d p' th Determlna lon 0 - \SSlml a ~_._ln - e ar an l : Bark-

stripping technique 

A 10 cm portion of the stem of selected plants was marked into 1 cm 

sections with India ink, 

t b d to 14c02' o e expose 

5 cm above and below the mature Jeaf which was 

At termination, the stems wex'e rapi.dly 

debladed and cut into their respective 1 cm segments. 

The bark, consisting of epidermis, cortex, prim3ry phloem fibres, 

external phloem and cambium, was carefully excised from the rest of the 

stem, which included the xylem, internal phloem and pith (this central 

core will henceforth be referred to merely as the "pith"). The 

excised bark and pith were placed in separate scintillation vial~ and 

treated and assayed for radioactivity as described previously. 

2.6 Import/Export Relationships in Young and Mature Leaves 

In order to facilitate easy identification of individual leaves after 

they were removed from the stems of experimental plants, all less mature 

leaves to the right of the mature leaf exposed to 14C02 (one of leaf 

pair nine) were lightly spotted with India ink. 

Treatment was as follows . Some of the plants were ringbarked, either 

1 cm above or 1 cm below the node of the feeder leaf. other untreated 

plants served as intact controls. The ringbarked and control plants 

were allowed to stand in the greenhouse for 1 h. All plants which showed 

signs of wilting during this time were discarded. Exposure to 14C02 was 

as previously described. At termination, the apical meristem and first 

pair of leaves were removed and placed in a scintillation vial. Leaf 

pairs two to six were placed seperately in scintillation vials, dissected 

into smaller pieces and cold extracted for a period of 4 h prior to 

assay of r adioactivity . 
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3, PENETRATION OF EXTERNAL AND INTERNAL PHLOEM BY STYLETS 

OF APHIS NERII 

3.1 Results and Discussion 

3.1.1 Brief Description of stem and Leaf Segments Examined 

As mentioned, the stems ranged in age from six to 20 weeks, and older. 

Both young and mature leaves were examined. 

Most aphid feeding occurred on young stems , consisting almost entirely 

of prirna!'y tissues. As seen in Figs. 1-4, the six week old stem 

consists of a uniseriate epidelTIis, a cortical region of 1-3 layers of 

partly differentiated collenchyma cells and several layers of parenchyma , 

a ring of primary vascular bundles of varying age associated with relativ21y 

narrow parenchymatous interfasicular regions, and a pith. In the 3te m 

of Figs. 1-4 the external end internal phloem is entirely primary; that 

is, it is procambial in origin. 

In both the external and internal primary phloem the sieve elements and 

associated parenchymatous elements, including the companion cells , occur 

in more or less distinct groups, the number of groups per vascular bundle 

being directly proportional t~ the size of the bundle. The external 

phloem bundles contain 2 - 10 sieve tubes. The internal generally 

contain more sieve tubes rE!Qge 1 - 20 or more ) than the external 

bundles. Articulate laticifers occur throughout the stems, but ar8 

associated mainly with the external and internal phloem. 

The larger vascular bundles of the leaf are bicollateral i.e. they contain 

both adaxial and abaxial phloem ( Figs. 15 and 16). The bundle of the 

petiole and midrib exhibits a limited amount of secondary growth through 
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Figs. 1-4. Transections of six week old stem tissue, showing 

several attempts at phloe m probes Fig. 1. Shows 

penetration of a s tylet group through the uniseriate 

epidermis and underlyi~g partly differentiated 

collenchyma. Penetration is predominantly intercellular, 

except for the lower, partly differentiated collenchyma 

cell which has beun penetrated intracellularly and 

contains salivary material • LAB = labium, 

mandibular stylets, rvv\X = maxillary stylets, 

MAN = 

COL = 
collenchyma, I = intercellular penetration, IN = 
intracellular penetration. Scale line represents 

6 J.lm. 

Fig. 2~ Shows branched stylet sheath running through 

cortical tissue and external phloem and terminating 

after four unsuccessful probes for internal phloem in 

pith. EP = external phloem, IP = internal phloem, 

PI = pith parenchyma, S = stylet sheath. Scale line 

represents 60 ~m. 

Fig. 3. Shows a branched stylet sheath terminating in 

the internal phloem. The stylets are l odged wi thin the 

pi th ( unlabelled arrow ) • Scale line repre~ents .80 ~m. 

Fig. 4. At higher magnification it can be seen that 

during the course of penetration, the stylets shown in 

Fig. 3 . passed in close proximity to an external phloem 

bundle without signs of feeding on these external sieve 

tubes. PFI = immature primary phloem fibres, EP = 

external phloem, PX = protoxylem, PA = parenchyma, 

unlabelled arrow = stylet group. Scale line represents 

40 j.Jm.!. 



11 

activity of a vascular cambium located between the xylem and the abaxial 

. phloem. Differentiation of the adaxial phloenl lags behind that of the 

abaxial. 

3.1.2 Penetration of the Stem 

Information on the manner of penetration of the stem was obtained 

primarily by the study of serial sections of sheaths or stylet tracks 

in host tissues. Seventy-five of the sheaths examined contained stylets, 

the majority of which were associated with feeding aphids identified 

as such by the presence of the stylet tips within 2pparently functional 

sieve tubes ( Evert etal. , 1968 ). 

As with most relati'/ely small aphids ( see literature cited in Auclair, 196= 

Evert et al., 1968 ), penetration of the stem by 8,. nerii Was largely 

intercellular Figs. 1-4). The stylets entered the stem between 

epidermal cells ( Figs 1 and 2 ) and proceeded in a more or less zig-

zag pathway along the surfaces of the collenchyma cell walls of the cortex 

to the vascular tiss ues and pith ( Figs. 2-4). Only occasionally were 

cortical cells punctured by the aphid ' s stylets. One such case is shown 

in Fig. 1, where the lower , partly differentiated collenchyma cell is 

traversed by the stylets and contains salivary material of the sheath. 

Branched stylet tracks were seldom encountered in the cortical region, but 

were common in and near the vascular tissues and pith ( Figs. 2-4). The 

frequency of branching was greater in the vicinity of the internal phloem 

bundles and pith ( Figs. 3 and 4 ). As shown in Fig. 2, in the younger 

stems the stylet tracks ran more or less directly to the inner tissues. 

In this case the stylet track traversed an external phloem bundle and 

ended in the pith where the aphid tried probing in several directions. 
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This resulted in a branched stylet track ! no branch of which terminated 

in the phloem. Although the much branch8d track in Figs. 3 and 4. 

approached sieve tubes of the internal phloem ( on the left ), nonE 

were punctured. At the time the tissue was collected, the pertinent 

aphid apparently was probing deeper into the pith ( unlabelled arrows 

point to the stylet tips in Figs. 3 and 4. ). 

Stylet tracks terminating at the external phloem were more frequent in 

older than younger stems. Although largely intercellular, intracellular 

penetration of phloem cells of ths external bundles was not uncommon, 

including penetration of differentiating primary phloem fibres ( Fig.6 ) 

and of immature as well as mature sieve elements and parenchymatous 

elements ( Figs. 5 and 6) . Despite the relatively high numbers of 

penetrations of the external phloem by aphid stylets in older sterns, only 

two pairs of stylet tips were encountere d in sieve elements of the 

external phloem. In a few cases, stylet-containing sheaths ran more or 

less directly to the external phloem and ended at sieve tubes ( Figs. 7 

and 8). However, as in Fig. 8! the tips of the stylets were not 

discernible within the sieve tubes of these external phloem bundles. 

Possibly the aphids had withdrawn their stylets during manipulation of 

the stem. Nevertheless, even with this taken into consideration, the 

,overwhelming majority of the s tylet tips occurred in the sieve tubes of 

the internal ph18em. 

3.1.3 penetration of the Internal Phloem 

Passage of the stylets through the cambial zone , where present, and 

the xylem was mostly interc~llular ( Fig. 9 ). Figures 9 and 10 show 

a stylet track traversing the . xylem and ending in an internal phloem 

bundle. The stylets are C'.learly visibl- 8 w;t'ol'n the elle th h' h -'- -'- ~,a, ' W ole 
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Figs. 5 - 8. Transections showing penetration of external phloem. 

Fig. 5. Shows a stylet track passing both intercellularly 

and intracellularly, thrcugh the external phloem of a young 

stem. Passage of the stylets through the cambial z.one was 

predominantly intercellular, and through the primary xylem 

as well. S = sieve element, OP = dividing external phloem 

procambial cell, CZ = cambial zone, I = intercellular 

penetration, W intracellular penetration, IP = internal 

~hloem. Scale line represents 20 ~m. 

Fig. 6. Shows the predominantly intracellular passage of 

stylets through the primary phloem fibres, external phloem 

and cambial zone. There is no evidence for feeding 

on this bundle, during passage of the stylets. EP = externa l 

phloem, MX = metaxylem vessel. Scale line represents 20 ~m. 

Fig. 7. Phase contrast photomicrograph showing penetration 

by stylets of an external phloem bundle. Note that the 

stylet tips are obscured, presumably by sheaU. material. 

LAT = laticifer, W = intracellular penetratio!l, S = sieve 

tube, unlabelled arrow = punctured sieve tube. Scale line 

represents 20 J..lm. 

Fig. 8. Another example of penetration of external phloem 

bundle. Passage of the stylets through the surrounding 

parenchyma was both intercellular and intracellular. As in 

Fig. 7, the stylet tips are masked by sheath material. 

I = intercellular penetration, W = intracellular penetratton 

unlabelled arrow = punctured sieve tube. Scale line 

represents lO um. 



terminates at the wall of the punctured s ieve tube. Passage of the 

stylet tips through the sieve element wall can be seen in Fig. 10. 

14 

The tips of the maxillary stylets entered the sieve tube below the 

sieve plate shown here , and are thus not visible . Whether ap hids 

ingest food through an open or closed sheath has long been of concern 

to a number of investigators ( Miles Et aL, 1964, Kinsey and McLean , 

1967). These r esults strongly support earlier reports that aphid feed 

through an open sheath ( Evert et al., 1968 , Evert et al ., 1973b ). 

Only the tips of the maxillary stylets penetrated sieve tubes being fed 

upon. FOigure 11 shows a stylet sheath with stylets traversing the 

xylem and ending at a sieve tube of a small internal phloem bundle. At 

higher magnification ( Fig. 12 ) it can clearly be seen that the tips 

of the maxillary stylets ha ve entered the sieve tube and that they are 

free of any salivary material. 

Figures 13 and 14 further illustrate the presence of unoccluded maxillary 

stylet tips in sieve tubes of the internal phloem. In Figure 13 the 

stylet tips have barely entered the sieve tube and are still close together. 

Passage of the sty lets through neighbouring parenchymatous tissue was largel 

intercellular . Within the bundle penetration was in part intercellular 

and in part intracellular. A sieve tube contiguous to the one containing 

- the stylet tips is occluded with sheath material. In figure 14 the 

stylets can be seen following an intercellular pathway to the punctured 

sieve tube. Within the sieve tube the stylets are free of any salivary 

material and are separated from one another, as are those in the sieve 

tube of Figure 12 . 
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Figs. 9-14. Transections shDwing stylet penetration of internal phloem. 

• 

Figs. 9-10. Pha62 contrast photomicrographs showing 

example of direct penetration of internal phloem by aphid 

stylets. The passage of the stylets was both intercellular 

and intracellular. At higher magnification ( Fig. 10) 

it is 03pparent that the aphid fed sequentially on the smaller 

sieve tubes, which were subsequently obliterated by sheath 

material, prior tc the penetration of the large metaphloem 

sieve tube. W = intracnllular penetration, PX = protoxylem, 

LAT = laticifer, SP = sieve plate, S = sieve tube. Scale 

lines represent 40 and 15 ~m respectively. 

Fig. 11. 

phloem. 

sty lets ( 

( above ) 

Illustrates direct penetration of the internal 

A metaphloem sieve tube has been punctured by 

unlabelled arrow) . Note that the external phloem 

was penetrated intracellularly. I intercellular 

penetration, W = intracellular penetration , EP = external 

phloem, unlabelled arrow = stylet tips within sieve tube. 

Scale line represents 25 ~m. 

Fig. 12. At higher magnification, the maxillary stylet 

tips can be seen to project beyond the salivary sheath and 

the wall of the sieve tube. The stylets are ; separated, and 

apparently free of any muscilaginous deposits. The punct

ured sieve tube appears uninjured. OS = occluded sieve 

tube, C = companion cell, PP = phloem parenchyma, 

unlabelled arrow = maxillary stylet tips within the sieve 

tube. Scale line represents 7 ~m. 

Fig . 13. Phase contrast photomicrograph showing predomin

antly intracellular penetration of the phloem parenchyma 

bordering internal phloem bundle . Note maxillary stylets 

( unlabelled arrow ) projecting beyond salivary sheath 

into lumen of sieve tube. As in Fig. 12, the stylets and 

the lumen of the punctured sieve tube are unoccluded. 

Details as per Fig. 12. Scale line represents 15 um. 

Fig . 14. Shows penetration by stylets of sieve tube of 

small internal phloem bundle. Note that passage of the 

stylets through the surrounding parenchyma was mostly intra

cellular: ann that the tips of the stylets are agai(1 free of 

muscilagincus deposits or salivary material. Details as 

per Fig. 12. Scale line represents 7 ~m • 
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3.1.4 penetration of Leaves 

Figures 15 to 19 illustrate some aspects of stylet penetration of mature 

leaves or more specifically, of the petioles of mature leaves. 

The probes in leaves were frequently unsuccessful. Two apparently 

unsuccessful probes can be seen in Fig. 15. Originating from the abaxial 

surface of the leaf, both probes traversed the abaxial phloem in search of 

a suitable feeding site and both ended in the xylem. Neither probe 

reached a sieve tube of the adaxial phloem. It will be noted that, as in 

the stem, penetration of the petiole was largely intercellular. Note 

that a laticifer above the xylem on the right was completely circumscribed 

during one of the probes. This is a reflection of the extreme 

flexibility of the stylets. 

Unbranched tracks frequently bypassed the abaxial phloem, traversed th~ 

xylem, and terminated in the adaxial phloem ( Figs. 16 and 17). Although 

penetration of the xylem was largely intercellular, occasional tracheary 

elements were occluded with sheath material ( e.g. the third trscheary 

element from the bottom in Fig. 17 ). 

Only three pairs of stylet tips were observed within sieve tubes of leaves, 

and all of these were in sieve tubes of the adaxial phloem, which is 

homologous and continuous with the internal phloem of the stem. In other 

cases, the stylet tips were about even with the sheath, as shown in 

Figs. 18 and 19. Possibly the aphid withdrew its stylets at the tinle of 

sampling. However, Fig. 19 shows that the end of the sheath is still open. 

In its initial probe of the region above the xylem, the aphid completely 

missed the adjacent group of sieve elements. 

Most workers have suggested that aphids and other suctorial insects they 

have studied find their objectives by trial and error ( Painter 1928, 
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Figs. 15 - 19. Transections showing penetration of phloem of petioles 

of mature leaves. 

Fj.g. 15. Shows two stylet tracks originating on abaxial 

suPFace of petiole. The stylets traversed the abaxial 

phloem in search of a suitable feeding site . 80th end 

in the xylem. The laticifer on right, above the xylem 

was complet81y circumscribed during one of the probes. 

Unlabelled arrow = adaxial phloem bundle. Scale line 

represents 30 ~m. 

Figs. 16 - 17. Show passage of stylet track through 

abaxial phloem and xylem. Note tracheary element 

obliterated by salivary material. I = intercellular 

penetration, W = intracellular p~netration , unlabelled 

arrow = adaxial phloem probe. Scale lines represent 35 

and 15 ~m respectively . 

Figs. 18 - 19. Show passage of stylets through xylem and 

termination in adaxial phloem . During this probe, the 

aphid completely missed the adjacent adaxial phloem 

bundle on right . The stylet tips are about sven with end 

of sheath, which termin2tes at wall of sieve tube . At 

higher magnification ( Fig . 19 ) the stylets are clearly 

visible within the sheath . AD = adaxial phloem, S = 
sieve tube, PX = protoxylem, unlabelled arrow = probed 

adaxial sieve tube. Scale lines represent 20 and 10 ~m 

respectively . 
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Balch 1952, Day et al., 1952, Evert et al ., 1968). Although~. nerii 

feeds preferentially on the internal phloem of the stem and, apparsGtly 

on the adaxial phloem of the leaf, it appears that the aphid locates the 

internal and adaxial phloem with some degree of precision in that the 

stylets are directed towards a particular strand in some instances 

( Figs. 10, 13, 14 and 16 ) and in others , largely by chance ( Figs. 2, 

4, 11, 15 and 18). However, it would seem that the chance location may 

be more f requent in the younger stem and leaf material examined. This 

is suggested by the configuration of the aphid tracks within the stem and 

leaf, by the frequency of branching near the vascular tissues and within 

the pith, and by the near misses of sieve tubes in both external and 

internal phloem bundles. 

Auclair ( 1963 ) records that in some 46 species of aphids, used in 

histological investigations, 19 are reported to reach their objective 

by predominantly intercellular penetrationj 8 by both i ntercellular and 

intracellular penetration and some, notably lachnids feeding in woody 

stems, penetrate by a predominantly intracellular path. 

Several reasons have been suggested for the predominance of intercellular 

penetration: e.g. that intercellular penetration follows the line of least 

resistance ( Busgen, 1891 )j that the cell walls may offer support to 

. the stylets ( Davidson, 1923)j that smaller aphids are una ble to 

penetrate the tissue by pressure alone and that their saliva is not strong 

enough to ena ble them to take a straight course to their objective. With 

regard to the last explanation, the stylets of the larger aphid species, 

for exam~le, Lachnus pinicola ( Kltb. ), ( Busgen, 1891), Macrosiphum 

solanifoli a ( Ashmead) ( Smith, 1926)j Tubero lachnus salignus ( Gmelin ), 

( Mittler, 1957); Longistigma caryae ( Harr. ), ( Zimmerman, 1961, 1963; 

Evert et al., 1968 ) have been reported to penetrate host tissues either 

mainly intracellularly , or both intracellularly and intercellularly. 



~. nerii penetrates its host tissue in a predominantly intercellular 

manner, although intracellular penetration does occur to some extent 

( Botha et al., 1972 ). 

If the size of the stylets governs the mode of penetration of the host 

tissue, theoit is logical that ~. nerii would tend to penetrate in a 

predominantly intercellulclr manner. 
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Miles et al., ( 1964 ), reported that during ingestion of phloem sap, tho 

stylets of the aphid, Acyrthosiphum pisum remained motionless, and that the 

tips were either level with the end of the salivary sheath, or that they 

projected a few microns beyond it. Zimmerman ( 1961, 1963 ), and Evert 

~ al., ( 1968 ) demonstrated that the maxillary stylet tips of h. caryae 

projected beyond the salivary sheath during penetration of linden phloem. 

In this present study, it has been demonstrated that the tips of the 

maxillary stylets of ~. nerii in most cases project beyond the salivary 

sheath and are open within the sieve-tube being tapped. It would seem 

then, that the presence of stylet tips, and the lack of associated sheath 

material in living sieve-elements, constitutes sufficient criteria to 

identify such sieve-elements as functional. 

A most intriguing , unanswered question is: "Why do the aphids feed 

almost exclusively on the internal phloem?" Possibly the internal sieve 

tubes contain some substa nce or substances either lacking in the external 

sieve elements or present in" lesser amounts in the latter - substances 

which are highly desirable to the aphid. This possibility would be 

difficult to confirm. Both the external and internal phloem are associated 

with articulate laticifers , the contents of which would interfere with any 

chemical separation of the phloem sap constituents. 

Possibly the external sieve tubes are more easily damaged during penetrati~n 

by the aphid's stylets than are the internal sieve tubes, rendering the 



former non-functional. However, in this regard, it must be borne in 

mind that the greater majority of stylet tips and tracks bypass the 

external phloem, without any evide nce of penetration of the external 

phloem sieve tubes. 
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A further possibility is that greater quantities of assimilates are trens

ported in the internal phloem than the external phloem. 

With regard to all the possibilities mentioned above it must be kept in 

nind that the aphi ds more ofterl bypass the external phloem than penetrate it. 

3.2 Mo rphology of A. nerii and i ts Stylets 

Aphids ( Homoptera , Aphididae ) are well adapted to exploit their host 

plants. One of the f irst approaches to a plant is made by the special

ized mouthparts , consisting of an attenuated labial proboscis ( Figs. 20, 

21 and 23 ) from which the piercing stylets ( Fig. 22 ) are extruded. 

Figure 21 rev8als that the proboscis of ~. nerii is jointed, as in most 

Hemiptera, thus rendering it flexible, a function which allows for its 

shortening during stylet penetration and probing of the plant tisSUGs. 

In Figures 20 and 21, the attenuated labial proboscis is shown closely 

appressed to the ventral surface of the aphid. The stylets , mandibular 

and maxillae, are not usual ly visible in non feeding aphids, but are 

withdrawn within the proboscis, where they lie within the labial groove. 

The labial groove is situated anteriorly ~n the proboscis ( Figs. 21 and 23 

The dist al tip of the proboscis is surrounded by usually two rings of 

sensory bristles ( Figs. 22 and 23). The stylet group, upon extrusion 

from the proboscis , ( Fig. 22 ) appears to be controlled to some extent 

by the muscular collar, from which the sensory bristles pr otrude. 

Apart from A. nnri1:" the anatomy and morp hology of the stylets of 
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Figs. 20-23. Scanning electron micrographs of aspects of the morphology 

of Aphis nerii. Figs. 20 and 21 show the aphid in non

feeding position, with the labium carried closely appressed 

to the ventral surface of its body. The stylets are retracted 

and lie within the labium. The distal part of the labium thro 

which the stylets project during penetration of plant 

tissue is shown in Figs. 22 and 23. A muscular clamp, 

surrounded by a ring of. sensory bristles is situated at 

the distal end of the labium. Proximally, the stylets lie 

within the labial groove. LG = labial groove, LAB = labium, 

LB = labrum, SB = sensory bristles, STY = stylet group. 

Scale lines represent 70, 80 , 3 and 20 ~m respectively. 



Tuberolachnus salignus ( Adams and Fyfe, 1970 ), Myzus per~icae Van 

Hoof, 1958; Forbes, 1969 ; Adams and Fyfe, 1970), Adelges £i£~~ 
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( Forbes and Mullick, 1970)! Macros teles fascifrons ( Forbes and Raine, 

1973), Ma,crosiphum euohorbiae ( Adams and Fyfe, 1970 ) and Rhopal,?siphum 

maidis ( Parrish, 1967; Evert =! al ., 1973b ) have been investigated 

using light, transmission .and electron microscopy. 

The stylets of b.. nerii are 3, ° to 3,8 J.lm in dialneter for most of their 

exposed length. Towards the tips, the stylets taper gradually; the max

illae being about 0,03 ~m or less in diameter at their tips. The sharp 

point formed by the tips would seem to be ideal for piercing and 

penetrating plant tissues and at the same time, causing as little damage 

as possible to the penetrated cells. Scanning electron microscopy of 

the stylets of ~. nerii ( Botha et al., 1972 ) indicated that the mandib-.. 

ular stylets closely envelop the maxillary stylets for most of their 

length. Note the presence of barb-like ridges along the concave edges of 

the mandibular stylets ( Fig. 28, small arrow) . These ridges are about 

0,5 um apart. Unlike those occuring on the mandibular stylets of 

M. persicae ( Forbes, 1969 ), those on the mandibles of ~. nerii extend 

for at least the distal 60 - 70 ~m of the stylets. However, as in 

M. persicae, these ridges extend from 0,03 to 0,1 ~m from the body of the 

stylets. These ridges were frequently observed during the anatomical 

investigation of stylet penetration of ~. physocarpus phloem. Each of 

the mandibular stylets possesses a horn-like projection, about 2,5 to 

3,5 ~m from the distal end of the stylet ( Fig. 27 ). 

The maxillary stylets are interlocked except for the distal 2,5 to 4 ~m 

( Figs. 24, 25 and 26 ), and possess a series of tooth-like projections 

( large arrows, Figs. 26 and 28), the first about 3,5 ~m from the tip, 

the second 0,6 ~m from the first, and the third, about 0,6 ~m frorn the 





Figs . 24-28. Scanr,ing electron micrographs showing aspects of the 

mandibular and maxillary stylet tips. The concave 

surface of the mandibular stylets ( Figs . 26 and 28 ) 

possess a series of barb·-like ridges about 0 , 5 ~m apart . 

Note the presence of a horn-like projection on both 

mandibular stylets, viewed from above in Fig . 26 and 

laterally in Fig. 27. The lateral edges of the 
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maxillary stylets ( Figs. 24-27 ) possess a series of 

tooth-like projections on their surfaces. Figs. 24 and 

25 are two views of the same stylet excised from leaf 

material. Note the small barbs on the lateral edges of 

the maxillary stylets in Fig. 24 . Figs. 26-28 are 

representative of stylets excised from the labial groove . 

Small arrow = barb-like ridges on mandibular stylets , 

large arrows = tooth-like projections on lateral edges 

of maxillary stylets, MX = maxillary stylets, MD = 

mandibular stylets, H = horn-like projection . 

Scale lines represent 0,5 ~m. 
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second. Both the barb-like ridges and touth-like projections are 

assumed to playa part in stylet penetration by bracing and clamping, 

during alternate protractions of the mandibular and maxillary stylets. 

The tooth-like projections are located along one edge of the stylet where 

they cannot be covered by the mandibular stylets, in other words, one set 

of projections is loca ted on the anter ior edge of a maxillary, and the 

other set on the posterior edge of the second maxilla. 

A notable feature is that the tips of the maxillary stylets were often 

overlapped ( Figs . 24 and 25). Overlapping Was observed in most of the 

stylets which han been withdrawn from leaf tissue after the aphids had 

been killed, and not in stylets which had been excised from the labial 

groove. Stylets which exhibited overlapping were compared to photo

micrographs of stylets in the process of being withdrawn from the sieve 

tubes; the comparison of which revealed a distinct similarity. It would 

seem that overlapping of the tips of the maxillary stylets must precede 

the withdrawal of the stylet group from plant tissue, per:laps this 

functions in the release of the barb-like ridges of the mandibles and the 

tooth-like projections on the edges of the maxillary stylets, thus 

allowing for easy withdrawal of the stylet group. 

3.3 Summary 

Penetration of the stems and leaves was studied with light and phase 

microscopes. Penetration of the epidermis and ground tissues was largely 

intercellular, that of the phloem tissues partly intercellular and in 

part intracellular. In the large majority of penetrations the external 

phloem was bypassed, and the stylet tracks terminated in the internal 

phloem. Of 75 pairs of stylet tips encountered in pres umably functional 

sieve tubes, 73 were lodged in sieve tubes of the internal and adaxial 



phloem. This confirms observetions of a preliminary study which 

indicated that A. nerii feeds preferentially on sieve tubes uf the 

internal phloem. 
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The stylets of ~. nerii are 3,0 to 3,8 ~m in dia~Eter for most of their 

exposed length, tapering grad ually toward the tips of the maxillae which 

measure 0,03 ~m or less in diameter. The sharp point formed by the tips 

would seem to be ideal for piercing and penetrating plant tissues, 

causing little visible damage. 



4. LIGHT MICROSCOPE IN'JESTIGATIDN OF PHLOEM ONTOGENY AND 

DIFFERENTIATION 

4.1 Results and Discussion 

4.1.1 Brief Description of the Stem 

At the end of primary growth the stem of g. physocarpus consists of a 

uniseriate epidermis, a cortical region of 1 - 3 layers of collenchyma 

cells and several layers of parenchyma, a ring of primary vascular 
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bundles and pith ( Fig. 34). Each vascular bundle is eventually capped 

by primary phloem fibres ( Figs. 36 and 37 ). , External and internal 

strands of phloem are more or less uniformly distributed around the 

circumference of the stem. Relatively narrow parenchymatous interfasicular 

regions separate the vascular bundles. 

The external and internal phloem strands consist of sieve elements and 

associated parenchymatous elements, including companion cells. The 

number of strands per vascular bundle is directly proportional to the 

size of the bundle. 

As the stem ages a vascula r cambium arises between the metaxylem and 

external phloem and produces some secondary phloem on its outer face 

and secondary xylem on its inner face. At maturity the stem is hollow

centered. 

4.1.2 The Exter nal Phloem 

Figs. 29 and 30 show transverse and longitudinal views of exter~al phloem 

strands, respectively. As seen in Fig. 29, the strands are surrounded by 

relatively large parenchyma cells. The strand in Fig. 29 consists almost 

entirely of sieve elements and companion cells. A vascular cambium has been 
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initiated external to the phloem strand, but has not yet produced any 

secondary tissues. 

Comparison of Figs. 29 - 30 and 31 - 32, and examination of the data 

recorded in Table 1, shows tha t the sieve elements of the external 

phloem strands are both longer and wider than those of the internal 

strands. Conversely, the walls of the external sieve elements are 

generally narrower than thos e of the internal sieve elements. Nacreous 

thickening of the lateral walls of the sieve elements is evident in 

Fig. 30. Initiation of differentiation of the external phloem strands 

precedes that of the internal strands . 

TABLE I 

MEASURED PARAMETERS OF THE EXTERNAL AND INTERNAL PHLOEM
I 

EXTERNAL2 INTERNAL
3 

Mean length, I-lm 253 200 

Diam. Sieve Plate, I-lm 15,1 14,6 

Cross-sectional Area of 

Sieve Plate, 
2 

179,2 167,0 /.-1m 

Perimeter of Sieve Plate, jJm 47,5 45,6 

Volume, Sieve Tube Member, J..ll 4, 54xlO -5 3, 33xlO-5 

1. Based on intact, randomly selected sieve tube members. 

2. Mean of 40. 

3. Mean of 28. 
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Figs. 29-32. Transections ( Figs. 29 and 31 ) and longisections 

( F..i.gs. 30 and 32 ) of primary external and internal bundles. 

Fig. 29. Transection of mature external phloem b~ndle. The 

cambial zone below h33 not yet become active in the product

ion of s8condRry phloem or secondary xylem. SP = sheath 

pa renchyma, C = companion cell, S = sieve tube, 

CZ = cambial zone. Scale line represents 15 J-lm. 

Fig. 30. Phase contrast photomicrograph of longitudinal 

section through bark, cambial zone and metaxylem of stem at 

same stage of differentiation as that in Fig. 29. Portions 

of several files of sieve tubes are visible. Note nacreous 

thickening on lateral walls of sieve elements. 

MX = metaxylem, SE = sieve element, SP = sieve plate. 

Scale line represents 30 ~m. 

Fig. 31. Transection of an internal phloem bundle. Compare 

widths of sieve elements in this bundle with those bf the 

external phloem bundle of Fig. 29. C = companion cell, 

S = sieve tube, A = procambial cell, SP = sheath 

parenchyma. Scale line represents 30 J-lm. ~ 

Fig. 32. Phase contrast photomicrograph of a longitudinal 

section of stem showing primary internal phloem strand from 

similar portion of stem as in Fig. 31. Several inclined 

sieve plates are visible in the plane of the section. Much 

of the phloem is immature. The file of stubby parenc hyma 

cells are undergoing crystal formation. PX protoxylem, 

SP sieve plate, IP = internal phloem, S = sieve tube, 

CP = crystal-containing parenchyma. Scale line represents 

48 )..1m. 
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Fig. 33. Camera lucida reconstruction of the vascalature of the nodal 

region of the stem at the end of primary growth, showing 

the relationship of the external and internal phloem in 

stem, leaf gaps and axillary buds. 
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4.1.3 The Internal PhloGm 

Figs. 31 and 32 are transverse and l ongih.:dinal views, resrJectively, of 

internal phloem strands . As m8ntion8d, ~h9 sieve elements of the internal 

phloem strands are narrow, shorter a !ld mOl'e numerous than those of the 

external strands. The narrow size and greater numbers of sieve elements 

of the internal strands is qLlite ohviQUS when the repres entative internal 

strands of Figs. 31 a nd 32 are compared with the respective external 

strands of Figs. 29 and 30. 

As pointed out by Esau ( 1969 ), the size of individual phloem strands is 

dependent upon two factors: the initial number of cells that undergo 

division to make up a strand and the durat ion of meristematic activity 

within each strand. The same t wo f actors are operative in Gomphocarpus, 

the precursors ( pro cambial cells ) of the external strands being fewer 

in number and undergoing relatively fewer divisions than in the case of 

the internal strands. As in Tobacco ( Esau, 1938, 1969 ) meristeinalic 

activity within external strands of Gomphocarp us is largel y confirled to 

periclinal divi sions resulting in centripetal production of derivatives . 

In contrast , the phloem mother cell s of the internal phloem strands in 

Gomphocarp us divides mostly radial ly. As a consequence, the internal 

strands beco me wider tangentially than radially. 

Cell division in t he earliest phlo8r~ strands is of short duration. As a 

resul t of prolonged meristematic acti vi ty, the latter·-formed strands may 

attain cunsiderably size. The i nter nal phloem bundles in Gomphocarpu~ 

may be arbitarily divided into three size classes : 

Class A 

Class 8 

Class C 

20 or more sieve tubes per strand 

10-19 sieve tubes per strand, and 

1-9 sieve tubes pe r strand . 

As might be expected, class C represent the earliest-formed ( older) phloem 

strands and class A, the las t-formed ( youngest ) strands. 





Figs. 34-37. Transections 80 J..tm below the shoot apex ( Figs. 34 and 35 j; 

between nodes 4-5 ( Fig. 36 ); an~ in the region of matur e 

primary tissues Fig. 37 ), illustrating the sequence of 

differentiaticn of the external primary phloem, the primary 

xylem, and the internal primary phloem in the stem. 

Figs. 34 and 35 show portions of a young stem, which has a 

uniseriate epidermis) a cortical region of 1-3 layers of 

partly differentiated collenchyma cells, and several laY8rs 

of parenchyma. The pith is parenchymatous. Laticifer de velop 

-ment has as yet not taken place. At this level vascular 

differentiation is limited to single protophloem s~eve tubes 

of the external phloem. At higher magnification ( Fig. 35 ) 

the external protophloem strands can be seen to be associated 

with immature primary phloem fibres. Neither the xylem nor 

internal phloem is visible in Fig. 35. 

Unlabelled arrows = external protophloem, PFI = primary 

phloem fibres. Scale line represents 80 and 65 fJm 

respectively. 

Fig. 36. At this level, the differentiating primary phloem 

fibres are clearly discernible. Parenchymatous e leme.r-lts 

occupy the region between the fibres and the metaph18~m. 

Meristematic activity within the external primary phloem has 

resulted in an increase in the number of sieve tubes ang 

companion cells per strand. The cambial zone is clear, but 

has not produced any secondary phloem . Of interest is the 

rapid appearance and maturation of the internal phloem, 

which took place between nodes 3-4. In the plane of section 

of Fig. 36 ( between nodes 4-5 ) the internal phloem is 

already the quantitatively dominant phloem. 

EP = external primary phloem, CZ = cambial zone, IP = interr 

primary phloem. Scale line represents 60 IJm. 

Fig. 37. The metaphloem of the external strands is mature, 

The cambial zone as in Fig. 36; is well-formed, but apparentl) 

has formed no secondary phloem . Continued meri3ternatic 

activity of the i,"lternal phloem strands has resulted i"the 

lateral expansion of the strands, and rapid increase ~n the 

number of sieve tubes and companion cells 'per strangi . ":-:-lt8 

laticifers associ.ated with external and internal stranjs. 

LAT = l a ticifer , PX = protoxylem. Scale lir,e represents 

60 jJm. 



4.2 Arrangement and SI23;=ia~- Re:I:3ticns t~ip of External and Interna l 

Phloem in Noda l R89ion3 
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Serial longitudinal sections of tile nodal regions of numerous shoots of 

differing morphological ages were examined in order to determine whether 

the external phloem and the inter nal ptll oem were interconnected in the 

nodal regions, or whether they cons tituted separate systems. No evidence 

could be found for the union of external and internal phloem in either 

internodal regions or at the nodes ( Fig. 33). The vasculature in the 

nodal regions is complicated, owing to the presence of a glomerulus, 

from which strands of interna l phloem , together with their associated 

artiCUlate laticifers diverge from the stem to the petiolar trace, where 

they are continuous with similar tissues on the adaxial side of the 

petiole. 

Examination of serial s ections revealed that wher eas the main portion 

of the external phloem diverged into the petiole, before doing so 

branches from it bypassed the internal phloem acutely and continued on 

up the stem, portions of them feeding the axillary buds along the way. 

The leaf traces were found to be unilacunar, and exhibited no evidence 

of mergence of the adaxial with the abaxial phloem. The nodal plexus in 

Gomphocarpus appears ring-shaped in transection, with interspersed articula t 

laticifers and parenchymatous elements, effectively bridging the otherwise ~ 

hollow-centered stem. 

4.3 Ontogeny of the Primary Phloem 

4.3.1 The Internal and External PhJoeln 

Serial transverse and longitudinal sections of the apical portion of stems 

of §. physocarp us were studied in order to elucidate the ontogeny of the 
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Figs. 38-43. Tra nsections ( Figs. 38-42 ) and longisection ( Fig 43 ) 

showi .lg stages Gf diff8r'8r.tiation of the vascular system of 

petioles of leaf pairs ( LP ) 1-2, ( Fig. 38)j LP 3 ; 

( Fig. 39)j LP 4: ( Fig , 40 ) j LP 5, ( Fig. 41 ); and 

LP 6 ( Figs . t+?-43 ). Arrow 'points to single protciJ hlo8r~ 

sieve tube of abaxial phloem in LP 2 ( Fig. 38). The 

tissue which comprises t he midrib consists of small, dense, 

undifferentiated cells . No vascular differentiation was 

evident in LP 1. In LP 3, ( Fig. 39 ) a single protaxyl em 

element is evident at PX. Four protophloem elements are 

now evident in abaxial phloem. Future site of cambial zone 

is evident. LP 4 ( Fig. 40 ) show first protophloem 

sieve element of adaxial phloem which by LP 5 ( Fig. 41 ) 

is rapidly becoming t he dominant phloem in the midrib. 

In the petiole of LP 6 ( Fig. 42 ) both the adaxial and 

abaxial phloem are at an advanced stage Qf differentiation, 

with lateral spreading of the strands becoming more 

obvious, compar8d with LP 5. Although evident only in 

Fig. 43, the adaxial phloem is the dominant phloem. 

Unlabelled arrows: Fig. 38 = protophloem sieve element cf 

abaxial phloem ; Fig. 39 developing cambial zone ; 

Fig. 40 = protophloem sieve element of adaxial phloem. 

PX = protoxy}em, PAD = adaxial protophloem, PAB = abaxial 

protophloem, CZ = cambia l zone, AOP = adaxial phloem, 

ABP = abaxial phloem, LAT = laticifer. Scale lines: 

Figs. 38-41 represent 60 ~m, Figs. 42-43 represent 30 ~m. 
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external and internal phloem Figures 34 - 37 ilJustrate the 

developmental sequence in the stem, end Figures 38 43 that in the 

leaf. At a distance of 80 ~m below the shoot apex ( Fig. 34 ), vas~ular 

differentiation is confin8d to protophloem sieve t ubes of the external 

phloem ( arrows). At higher magnification ( Fig. 35 ) it is clear that 

neither protoxylem nor internal phloem differentiation ~as begun at this 

stage. 

Between nodes 4 - 5 ( Fig. 36 ) precursors of the primary phloem fibres 

are discernible, but their walls have not begun to thicken. Most of the 

external sieve tubes are now mature and a well-defined cambial zone is 

established between external phloem strands and the xylem. Maturation of 

the primary xylem has not been completed. Narrow zones of interfasicular 

parenchyma cells are visible between the bundles. At this level the 

internal phloem strands contain relatively numerous, small diameter 

sieve tubes. 

The transection of Fig. 37 is representative of those examined between 

nodes 5 - 15. It is obvious that meristematic activity of the internal 

phloem strands continued after cessation of meristematic activity of the 

external strands. As a result the internal phloem strands are much larger 

than the external strands. Although the vascular cambium in Fig . 37 is 

completely formed, it has not yet pr oduced any recog~izable secondary 

tissue. 

4.3.2 The Adaxial and Abaxial Phloem 

Representative transvers e sections of young leaves ( Figs. 38 - 42 ), cut 

approximately 80 - 100 urn above the apex, illustrate the sequence of 

difFerentiation and maturation of the vascular tissue in that part of the 

shoot. Figure 38 illustrates part of the leaf and leaf base of lEaf 
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pair 1 - 2 ( LP 1-2). No vascular differentiation was evident in 

LP 1, but in LP 2, the first protophloeITI s ieve tube could be disti~guish8d 

in the abaxial phloem. Organi z.atiDn of the vascular bundle was mo:ce 

cons picuous in LP 3 ( Fig. 39 ). The precursor of the vascular cambium 

was already evident ( arrowheads), t he protoxylem had begun to 

differentiate, but was unJignified. Several protophloem sieve tubes are 

evident in the abaxial phl oem of Fig. 39 . The mesophyll 1S still poorly 

differentiated in this immature leaf. 

In LP 4 a single protophloem sieve tube ( arrow ) is discernible in the 

adaxial phloem ( Fig. 40). The vascular bundle is still poorly . defined 

in this leaf pair, but it is beginning to assume a bicollateral form. In 

comparison, LP 5 ( Fig. 41 ) has several distinct strands of adaxial 

phloem. The cambium is clearly formed in this leaf pair, separating the 

abaxial phloem from the protoxylem, which is beginning to develop 

secondary walls. The protophloem sieve tubes of the adaxial phloem are 

wider than those of the abaxial phloem. Figure 43 is a longitudinal view 

of the ad- and abaxial phloem in LP 6. Differentiation of the midrib in 

LP 6 ( Fig. 42 ) is considerably advanced when compared to that in either 

LP 4 or LP 5 ( Figs. 40 and 41 ). Especially conspicuous is the increase 

in numbers of sieve tubes per adaxial phloem strand compared with the 

abaxial phloem strands of LP 4 and LP 5. In LP 6 the lumina of both 

ad- and abaxial sieve tubes are clear, which suggests that the sieve 

tubes of both adaxial and abaxial phloem are mature and may function i~ 

the eXport of photosynthates to the still immature leaves. 

It has been shown that Aphis nerii tends to feed on the internal and 

adaxial phloem of stems and leaves below node 5. The greater numbers of 

sieve tubes per strand in the internal and adaxial phloem might provide 

the aphids with greater quanti t i es of a s similate than available in the 
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external and abaxial phloem . 

As mentioned, the larger numbsrs of internal and adaxial strands, and the 

greater numbers of sieve tubes per stra nd a rB due in part to the ~["'f-~at8r 

longevi ty of meristemat :i.c act i vi ty associated with these strands, and 

partly to the belated different iation of the internal phloem, compared 

with that of the external and abaxi8l phloem. Cal8ulation of the changing 

ratio of external to internal phloem, e/i ( Table II ), based on 

observations of numerous transverse sections, indicates that the eli 

ratio increases gradually basipetally in the primary axis. A fairly 

rapid increase in the eli ratio occurs with the advent of the initiation 

and differentiation of the secondary phloem, which is initiated between 

nodes 15 - 16. The eli ratio then cont inues to increase until death 

of the plant, usually 2 - 4 years after germination. Sections cut of mature 

two year old stems indicated that the internal phloem was still intact in 

such aged stems, but it could not be determined wh8ther the internal 

phloem was still functional. 

TABLE II 

CHANGE IN eli RATIO IN INTERNODES OF INCREASING MORPHOLOGICAL AGE 

INTERNODE N~. 

Apex 

2 

3 

4 

5 

7 

9 

Ma ture, 20-25 

Two year 

PROTOPHLOEM 

CRUSHFD 

CAMBIAL~ACTIVITY 

eli 

1,5- 1,8: 1 

0,30: 1 

0,32: 1 

0,54: 1 

°162: 1 

0,90:1 

1,9-2,0: 1 . 

2,2:1 or more 

I 
INTERNAL 

PHLOEM 

DOMINANT 

____ ,,_.I! ______ '_-.. ____ ---..-..· ___ ~-____ ~._.. __ ~LWZ _ =cw ___ ~ 
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Inasmuch as the internal ptlloem begins to differentiate after the external 

phlpem and the primary xylem, one may qUGstion wh~ther the internal pill oem 

should be considered as part of the original primary vascular bundle or as 

a separate tissue originating ~n the ymund tissue . Jean ( 1926 ) i n his 

examination of the origin cf the i nternal phloem in the Solanaceae , 

Apocynaceae, Convolvulaceae , OnagrRr.eC:l.8 , Cucurbitaceae , Lythraceae , 

Compositae and Asclep iadaceae , suggested that within the leaf traces the 

internal phloem aro se fro m procambium contiguous with the first xylem 

elements. This is the case in G~mphocarpus ( Figs . 40 - 41 ). Jean 

( 1926 ) further suggested that in the interfasicular region the 

differentiation of the i nterna l phloem was delayed , but that at least the 

first elements in this part of the phloem arose from procambium. 

The quantitative dominance of t he internal and adaxial phloem may in 

itself provide part of the answer to the feeding habit of A. nerii. I t 

may be that the internal/adaxial sys tem translocates more assimilate 

than does the external/abaxial system. If this is the case , then more 

of the desired substances on which the aphid feeds would in all probability 

be present in the former than in the latter. Part of the answer may lie 

in ultrastructural and/o r physio l ogi cal differences between the two 

systems. 

4.4 Summary 

Investigation of the ontogeny and differe ntation of the primary phloem 

indicates that the external phloem and internal phloem do not begin 

to differentiate and mature at the same t ime. The external primary phloem 

begins t o differentiate first, followed by xylem differentiat ion, and 

then by the internal phloem . Once differentiation of t he internal 

primary phloem commences , which is bet ween nodes four end Five , it 
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rapidly becomes t he quantitHtively do mi nant phloem. It remains dominant 

until the vascular cambi. um comr.:t:mCEfi producing s econdary phloem. 

Investigation of serial trans verse and lon~itudinal sections ind j cated 

that the external/abaxial a.nd internal/adaxial primary phloem straf":rls 

constitute separate systems in stem and leaf. 
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5. ULTRASTRUCTURE OF THE PRIMARY PHLOEM 

5.1 Results ~nd Discussion 

It was stressed in section 4 that the internal and adaxial phloem and 

the external and abaxial phl.,em are two separate systems, the former 

anatomically independent of thE other. Further, the light microscope 

study of ontogeny and differentiation indicated that differentiation 

of the external/abaxial phloem preceeded that of the internal/adaxial 

phloem, but that the internal/adaxial phloem was the dominant phloem 

by node five. An electron microscope investigation of the different

iation and maturation sequence within the external/abaxial and 

interna l/adaxial phloem was therefore con~idered essential to a better 

unders~anding of their respective roles in long-distance translocation 

of assimilates and hence, ~. nerii's choice of feeding site. 

Observation of numerous thin sections of stem and leaf material indicated 

that the ontogeny of the primary external and internal phloem of the stem 

closely parallels that of the abaxial and adaxial phloem respectively , 

but with one exception: the adaxial phloem strands do not consist of as 

large a number of sieve tubes and companion cells as do the internal 

phloem strands. It is therefore unnecessarv to discuss the ontogenetic 

and developmental sequence in both stem and leaf . The results of the 

study of phloem differentiation and maturation are thus largely confined 

to findings in leaf material examined, especially petioles of leaves 

between nodes three to seven. The electron micrographs are representative 

of numerous stems and leaves examined. 



5.1.1 Internal and Adaxial Siave E18n~nt Protoplast 

5.1.2 Protophloem 

As mentioned the internal p:coto- and metaphloem sieve elements aX'e 

shorter and narrower in Gross-sBction than the corresponding ~xternal 

phloem proto- and metaphloem sieve 818ments ( TABLE I). Figure 44 
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is an overall view of a typical interr,al protophloem strand. . The sieve 

elements are surrouned by companion cells, and by procambial and sheath 

parenchyma cells. Some of the sieve elements in Figure 44 are partly 

collapsed, due either to pressure during sectioniOg, or to pressure 

due to expansion of the bundle. Two apparently functional siev8 elements 

are visible! with parietally dispersed endoplasmic reticulum cisternae 

( ER). Note that the lumen of these sieve elements is essentially 

devoid of protoplasm. The companion cells of ~he protophloem vary in 

appearance, but all contain mitochondria, which vary in size and show varyin~ 

degrees of internal membrane structure, ER, and free ribosomes within 

their protoplasts. 

Figure 45 shows a pro cambial mother cell which has recently undergone 

internal division. It is difficult to establish with any degree of 

certainty at such an early ontogenetic stage, which of these recently

formed phloem mother cells are destined to become sieve elements or 

companion cells. Part of a differentiating pr8tophloem sieve element is 

shown at lower left. Although still immature, note the parietal aggregation 

of the protoplasm, lack of recongisablG tonoplast, mitochondria and 

associated rough ER cisternae and dictyosomes. 

The differentiation sequence withi" protophloem sieve elements is similar 

to that in the metaphloem sieve elements. 





Figs. 44-45. Tra nsections of i nter nal PI"c t ophloem strand. 

Figure 44. Shews two mat:.Jrs protophloem sieve tubes 

wi th parietall;l--Ijisp~csed protoplasm and endoplasmic 

reticulum ( l,nldbel18d arrows ), companion c311s, 

procambial and pare nchymatous elements . Note partly

collapsed sieve elements . SE = sieve element, CC = 
companion cell , PAR = parenchyma, PC = procambium. 

Scale line represent s 5 ~m. 

Figure 45 . Shows detail of an internal phloem procambial 

cell, which has undergone i nt8rnal division. Thrce 

immature procambjal derivatives are visible in this 

section, containi ng rough endoplasmic reticulum (RER ), 

numerous free ribosomes and mitochondria. The 

immature sieve tube ( l ower left ) has parietally

dispersed protoplasm. M = mitochondrion, RER = rough 

endoplasmic reticulum. Scale line r epresents 3 ~m. 



5.1.3 Metaphloem 

5.1.3.1 The P-Protein 

The fibrillar nature of the substance comprising the P-protein bodies 

is apparent in Figures 47, 48, 55 and 57 - 58. A fibrillar P-protei n 

aggregate occupies much of the lumen of the immature sieve element i n 

Fig. 47 - 48, and are relatively narrow structures, ranging from 

70 - 80 A in diameter . The tubular P-protein measures approximately 

100 A. Orientation is vertical with respect to the longitudinal axis 
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( Figs. 62 and 64 of the sieve elements during early stages of 

development as is the tubular p-protein ( Fig. 57 and 58). Throughout 

the stages of development and dispersal of P-protein, the parietal layer of 

protoplasm is delimited from the vacuole by the tonoplast ( Figs. 47 and 

55). The maturing sieve element shown in Figure 47 co ntains a P-protein 

body which has dispers ed. Significantly, the tonoplast is still intact 

in this sieve element. Evert and Deshpande ( 1969 ) reported similar 

findings in Ulmus americana phloem. It is pertinent to point out that 

in the mature sieve elements, the P-protein encountered varied both in 

size and appearance, but was predominantly dispersed around the periphery 

of the cell wall as indicated in Figs. 62 and 64. In transverse section, 

som8 of the sieve elements were almost entirely devoid of P-protein, 

( Figs. 61-62 and 64 ) j while others contained large amounts of it. 

It is likely that all the mature sieve elements contained P-protein, 

but that distribution depended on the proximity of the section to the sieve 

plates or lateral sieve areas. Pcrtions of slime plugs are shown in 

longisection in Fi.gs. 74 - 77. It is obvious that the P-prohdn is 

aggregated in and near the sieve plate pores. Aggregation of P-prote in 

was often observed in close proxi~i~y to lateral sieve areas as ~811 
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( Figs. 78 and 79 ) , but not in all cases ( Figs . 80 and 82 ). Where 

no P-p~~oteii1 was observed ,l,9aY' 1a ceral sicJ"Je arEas , the la7:eral sj_Eve area 

pores were often not ocsJ. ;Jdec by P-prfJtein ( Figs. 80 and 82 ) . It is 

therefore quite possible that thR fixation technique used during J· ho t._ I _ 

course of this study was inadequate i n preventing disruption of the 

P-protein in mature, hig:11y vacuolated sieve elements . 

5 .1.3 . 2 Organelles and Membrane Systems 

During the early stages of development of Gomphocarpus phloem , the nucleate 

s ieve element protoplast is similar in appearance to that of the procarnbial 

cells and its other derivatives. During the period of P-protein body 

development and early stages of dispersal of protoplasmic ground substance , 

the sieve elements are generally quite dense in appearance , compared with 

contiguous parenchymatous elements ( Figs. 44 - 50 and 55 ) . 

The cytop lasm of immature sieve elements contain numerous free ribosomes 

( Figs . 45 , 55 and 60 ) and many cisternae of mostly rough-surfaced ER 

( Fi gs. 47 and 48 ). Interspersod within the cytoplasm are numerous 

dictyosomes ( Figs. 47 and 55 ) which , together with the rough ER 

cisternae , give rise to numerous membrane-coated vesicles ( Figs. 48 and 

55 ) and membrane complexes, which are found nearer the plasmale mma as 

the sieve elements mature ( Northcote and Wooding, 1966 ; Wea therby a nd 

J ohnson, 1968 ; Evert et al., 1966 , 1969 and 1973a). 8uvat ( 1963 a ,b ) 

reported that in sieve lements of Cucurbita pepo t he ER forms and pr esses 

many vesicles aga inst the cell wall. He suggested that these vesicl es 

may ~e pinocytotic and acc umul ate s olutions from the nacreous call walls 

( see Esau and Cheadl~ , 1558 ) or might conversely transfer msteri als 

outward to produce callose or cell wall rnaterial . The C8jJ_ \,/3.115 in 

mature sieve elements of §Emp ho.~2~'? become lined with a 18.Y81' which 
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Figs. 46-49. Transections showing stages of maturation of adaxial phloem 

strand . Three mature sieve tubes and associated companion 

cells are visible to t he right of a group of immature sieve 

elements . At higher magnification ( Figs. 47-49 ) two of the 

immature sieve elements , containing dispersed Figure 49 ) 

and undispersed ( Figure 48 ) P-protein are shown . The 

tonoplast is still visible, and the organelles are beginning 

to assume a parietal position . Endoplasmic reticulum 

closely parallels the P-protein body ( Figure 48). Part 

of a plasmodesmatal connection between this immature ~ieve 

element and its contiguous companion cell is callose~free . 

Figure 49 shows part of the contiguous companion cell 

nucleus and protoplast . Note numerous free ribosomes. 

OSE = differentiat ing sieve element , SE = sieve ele~~nt , 

CC = companion ceU, PAR = parenchyma , RER = rough 

endoplasmic reticulum , M m~tochondrion, R = ribo~omes , 

W = wall , PO = plasmodesmata, 0 = dictyosome , T = tonoplast , 

Scale Lines : Figure 46 = 5 jJm j Figure 47 = 3 jJm , 

Figs . 48-49 = 0 , 5 jJm. 
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contains closely packed mSlIIoran8s and sometimes vesicles ( parietal 

layer, Duloy et al., 1961). Fa:::'1<. ( 19S5 and Uteraturecited theral 'l ) 

states that the membranes of the secretory vesicles are morphologically 

similar to those of the plasma membranes and are capable of fusing with the 

plasma membranes. Frequently , segments of -endoplasmic reticulum closely 

parallel t he surfaces of di spersed P-protein fibrils and tubes for some 

distances. 

Concomitant with the dispersal of P-protein bodies, certain of the proto

plasmic components undergo very marked changes . Especially notable arB the 

changes which occur to the endoplasmic reticulum . In immature sieve 

elements the endoplasmic reticulum rammifies throughout the protoplasm, 

and consists predominantly of cisternae of rough ER ( Figs . 47 - 48, 52 

and 55). As the sieve element approaches maturity , the rough ER 

cisternae migrate toward the plasmalemma ( Figure 56) , assuming a parie-cal 

position ( Fig. 61 and6~). The outermost layer of the ER cistern38 

becomes firmly attached to the plasmalemma, to the extent that it i s Gft8 r. 

difficult to distinguish between plasmalemma and the contiguous membrane 

of the endoplasmic reticulum ( Figs. 53 -56, 62 and 64). Various views 

of these parietally situated membranes indicate that they comprise an 

extensive and highly complex network. 

Often ER cisternae become stacked along the wall, the outermost membrane 

of each stack being closely appressed to the plasmalemma. In most of 

the stacks encountered, the cisternae have a very orderly arrangement 

( Figs. 61 _64, 65 and 67 ). Most of these stacks were horizontally 

orien tat ed with respect to the longitudinal axis of the sieve element, 

but s ome ( Fig. 64 ) were vertically orientated . As mentioned, the ER 

membranes in young sieve elements are generally associated with ribosomes, 

whilst those in mature sieve elements are entirely smooth-surfaced. 





Ftgure 50 . Transverse section of immature adaxial me,taphloem sieve 

element ( upper ) and immature companion cell ( lower ) .• 

P-protei n dispersal and parietal di spersal of and distri

bution of ER is well advanced . Note r amificat ion of ER 
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( unlabelled arrows ) within the protoplas t, and the distinct 

inner wall layer ( W ) of the sieve element. 0 = dictyoSome, 

N = nucleus , M = mitochondrion . Scale line represent's '2.,5 )Jm. 
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Fi'gs. 51-54. Transversc~ sections of maturing adaxial sieve elements. 

Figure 51. Sh[lw dispersing P-protein body in an immature 

sieve elemer,t. Note the large myelin figure, enlarged in 

Figure 52 to show that it consists of concentric rings of 

ER, with ribosomC!s at tached to the inner and outer face. 

Figure 53. Shows developing lateral sieve area pore between 

a mature sieve element and contiguous immature sieve element. 

Ribosomes ( unlabelled arrows) are still attached tEl the ER. 

Figure 54. Shows glancing section through part of a plas

modesmatal pore between mature metaphloem sieve element and 

contiguous companion cell . A multivesicular body is 

associated with the pore. Nuclear pores ( unlabelled arrows ) 

are evident in the nuclear membrane. MVB = multi ",-ssicular 

body , R = ribosomes, CAL = callose. Scale lines: 

Figure 51 = 2,5 ~m; Figure 53 = 0,5 ~mj Figs . 52 and 

54 = 1, 0 ~m. 
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During formation of the stacl<.s , thp. ri!Jus omes are first lost from the 

surfaces of adj acent cisternaE and t hen fro m the surfaces of the cisternae 

facing the plasmale mma ( Fi gs , 52 enG 55 ). Evert and Deshpande ( 1969 ) 

reported a similar s equence of eV9nts in the ont ogeny of e lm phloem , 

The endoplasmic reticulu(f: of mature internal and adaxial phloem is fairly 

uniform in size , mostly a hout 100 A ( r ange : 95 - 160 A) . The i nter

cisternal spaces are uniform, usually 90 A ( range : 60 - 120 A). The 

width of the inracisternal spaces a r e varia ble, the average being 160 A 

C range: 95 - 230 A). The intercisternal s paces contain an electY'on

opaquE subs tance ( Figs. 52, 61 and 65 ), whereas the intracisternal 

spaces are relatively clear in appearance . 

A feature often observed was that pl astids ( Figs. 65 and 67 ) and 

mi tochondria ( Figure 66 ) of both immature and mature sieve eler:.£!rlt s 

were often closely ass ociated wi t h endoplasmic reticulum cisterae. 

Northcote and Wooding ( 1968 ) reported that during differentiation of 

the sieve elements of syca more , the sieve element plastids were alwaYE 

surrounded or ensheathed by endop l asmic reticulum cisternae during the 

breakdown of the cell contents. The internal and adaxial sieve eleme nt s of 

Gomphocarpus contain only one type of pl astid ( Figs. 65 and 67). No 

plastids were observed which cont a ined recognisable protein. All plastids 

contained s t arch, and a s these plastids matured, so the proliferation of 

i~ternal membranes became less obvious in thin sections. 

This res ults in a loss of electr on- density of the plastid matrix, ( compar~ 

Fig. 67 with Figs. 74 - 76 ), a f eature ofte n encountered in m3turing s ieve 

tube plastids ( S8e Evert a nd Deshpande, 1969 and references cited 

therein). Wooding and Northcote ( 1965 ) a nd NorthcGtu and Wooding ( 1966 ) 

have reported t hat the plastids e)f dev81opin[:f siev8 tube3 of AceI' 

pseudoplat a nus 8re sheat hed OVEr 611 or part of their surfaces by endo-
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r=igure 55. Transverse section of an immature adaxial metaphloem sie'v'c-o! 

element ( upper) and its contiguous companion cell . The 

large vesiculate body in the companion cell ( 0 ) is a 

transversely-cut dictyosome . Ribosomes have become 

dissociated from the sieve element ER, except for the ir~n8r 

and outer faces of these bodies, which are at this st~ge, 

closely a ssociated with the inner face of the wall ( W ). 

N = nucleus, 0 = dictyosome, M = mitochondria , T = tonop l ast . 

Scale line represents 1,0 ~m . 
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Figure 56. Transverse section showing later stage of differentiAt i on 

of immature adaxial metaphloem sieve element. p-protein 

dispersal is almost complete, and ER lies closely-appressed 

to the plasmalemma ( unlabelled arrows). Note the dist inct 

inner wall layer. Scale line represents 1,0 ~m. 
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plasmic retic.ulum, but that pJ.c::.stids of mature sieve elements are net . 

I G h 1 tl'~5 fr",3m Sl'pvu LI. ~·!J' es ,ul't~l open pores in adaxial n omp oc~, P as u ' - u - "I 

phloem were often s een t o hft \f i? structurs 3 resembling transversely cut 

fibrillar P-protei~ filo.:rK" nts attac r.Gd co the outer surface of the plastid 

membrane ( Figs. 74 and 75 ). Wooding a nd Northcote ( 1965 ) ha\le 

suggested that sheathing Endoplasmic r eticulum might playa role in 

plastid de-differentiation. Whether or not these P-protein filaments 

associated with plastids from mature Gomphocarpus sieve elements playa 

role in plastid de-differentiation is not known. 

5.1.4 Cell Walls 

Although the lateral walls of protophloem sieve elements generally are 

thickened, their outline is more regular than that of m~taphloem sieve 

elements. The waivy outline of metaphloem sieve elements is evident 

when Figure 44 is compared with Figs. 47 - 49, 50, 55 , 56 and 58 , 

Evert and Deshpande ( 1969 ) encountered sieve elements in elm which 

had a distinct inner wall layer which was loosely lamellate in ap~earance . 

Evert and Deshpande described these walls as not being nacreous. 

Warmbodt and Evert ( 1974 ) suggest that irregularities in the inner 

wall surface of sieve element s of L~so2o dium lucidulum arise as a result 

of "erosion" or hydrolysis of wall material during the late stages of 

sieve element development. In Gomphocarpus many of the metaphloem sieve 

elements had walls which consisted of an inner wall layer, which appears 

to be morphologically distinct from the outer wall layer ( Figs. 55 and 

56). Dictysome and tmdoplasmic reticulum vesicles were often appressed 

to, or in close association wi t h, the plasmalemma, which overlies the 

morphologically distinct wall layer. As m8ntioned, the endoplasmic 

reticulum and dic tyosome- derived vesicles have been associated with 





Figs. 57-60. Longitudinal sections throuyh very young adaxial si~ve 

elemel}ts. 
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Figure 57. Shows two irnrnature sieve elements, the y.9.unger 
, \ . 

( to the left ) contains a large undispersed mass o~ 

longitudinally-oriented p-protein ( enlarged in Figure 58 ). 

Figs. 59 and 60 . Show differentiating sieve plates f rom 

upper ( Figure 60 ) and lower ( Figure 59 ) ends reqpectively 

of the same sieve element. The developing pores are still 

plasmodesmatal. Narrow callose platelets are visible 

between the plasmodesmal apertures ( unlabelled arr:ow~, ), 

marki ng the sites of the future sieve plate pores . Note 

the chloroplast in the ontogenetically-youngest immature 

sieve element. CC = companion cell, SE = sieve ele~ent, 

LAT = laticifer, C = chloroplast, T = tonoplast. 

Scale lines: Figure 57 = S~m ; Figure 58 = 3 ~m; 

Figs. 59 and 60 = 1 ~m. 



53 

nacreous wall thickening ( see Esau ~1iid Cheadle, 1958 ) or could transfer 

materials outward to produce callose or cell wall material ( Duloy at al., 

1961; Northcote and Wooding, ]366 ). 

5 . 1.4 . 1 Plasmodesmata 

Plasmodesmal connections betw8An i:nmfiture and mature adaxial sieve 

elements and their contiguous companion cells were of variable appearance, 

often occurring in groups ( Figs. 69 a nd 71 ) or singly ( Figs. 70 and 

73). Figure 69 is a glancing section through parietal cytoplasm and cell 

wall of an adaxial phloem companion cell. The callose platelets seen in 

such views were typically 16 - 20 A thick, with pores r a nging in diameter 

from 300 - 375 A. Figure 71, and at higher magnification in Figure 72 , 

is a glancing section of part of a mature sieve element and contiguous 

companion cell , which shows typically wide zones of callose deposited 

around the plasmodesmal pores on the sieve element side. Callose 

thickness varies from 500 to 1000 A. Figure 70 clearly shows that 

callose deposition is greatest on the sieve element side, tapering rapidly 

toward the companion cell. In some instances ( Figure. 73 ) no callose 

deposition was observed associated with the plasmodesmata . 

5.1.5 Sieve Plates and Lateral Sieve Areas 

5.1 . 5.1 Sieve Plates 

In immature sieve elements, perforation of the cross-walls between 

contiguous sieve tube members is initiated early in the differentiation 

sequence , and prior to the dispersal of P-protein or the disappearance 

of the tonoplast. Fi gure 57 and 59 - 60 are views of differentiating 

sieve plates in immature adaxial phloem. Callose deposition is limited 
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Figs. 61-64 . Transverse ( Figs. 61, G2 and 64 ) and longitudinal 

( Figure 63 ) sections of mature adaxial metaphloem sieve 

elements, showing ER which exists as a parietal system of 

smooth cisternae , closely appressed to the plasmalemma . 

Most of the ER cisternae were hori zontally-orientatbd 

( Figs . 61, 62 and 64 ), some vertically orientated .with 

respect to the longitudinal axis of the sieve elements. 

Some vertically-orientated tubula r P-protein ( Figure 62, 

and at higher magnification, in Figure 64 ) is interspersed 

with the vertically-orientated ER. W = wall , PL = plasma

lemma, unlahelled arrows = tubular P-protein, ? = ~nidenti
fied component. Scale lines : Figs. 61 , 63 and 64 = 0 , 5 ~m; 

Figure 62 = 1,0 ~m. 



55 

to narrow pl atelets between the pores , which , even at this early stage , 

interconnect the contiguQL:3 immature sieve tube members . None of thE:: 

sieve plate pores in immature or mature adaxial phloem lacked callose . 

Not only were the pores lined with ceLlose , but all surfaces of tl-.8 plates 

were generally lined as well . Figures 74 - 77 are views of mature sieve 

plates. At mat uri ty , e:;.ch siev8 plate p:J .ce is lined by the plasmalemma. 

In some instances ( Figure ~7 ) en~Jplasmic reticulum cisternae were 

observed closely appressed to the plasmalemma in close proximity to the 

sieve plate pores. The sieve plate pores were in all instances , traversed 

by P-protein ( Figure 75. ), the quantity of P-protein pl~esent varying 

with its distribution within the sieve elements . Sieve elements with slime 

plugs generally exhibited sieve plate pores plugged with P-protein 

( Figs . 75 - 76 ). The contents of such plugged pores was often so dense 

that no structure could be seen within thsm. The fact that all s ieve 

plates of the adaxial phloem e~amined contained varying a mo unts of 

P-protein and callose suggests that the fixation ( Evert et al., 1973a) 

was no t entirely suitable f or the adaxial phloem of Gomphocarpus . 

In mature sieve elements, the pores measure approximately 0,07 t o 0 ,10 JJ 

at the narrowest point, and 0, n9 to 0,51 JJ at the widest. Taking into 

account the thickness of the callose cylinders ( range: 0, 13 to 0,17 JJ ) , 

then they wo uld measure on aV8rage , 0, 51 JJ at their narrowest point 

( range: 0,43 to 0, 59 JJ ). 

5.1.5.2 Lateral Sieve Areas 

The lateral sieve areas of the adaxial phloem often extended for more then 

15 JJ along the walls of contiguous sieve elements . Figure 79 shows a 

portion of a n obliquely cut lateral sieve area . All lateral sieve areas 

were partly occluded and lined by callose cylinders of variable thickneas. 





~j6 

Figs . 65 - 68 . Longitudinal sections of immature ( Figure 65 ) and 

matL:re ( Figs, 66 and 67 ) adaxial metaphloem sieve 

elements and associat~d companion cells ( Figs. 66 and 

68) . The plastids are closely-appressed to the plasma

lemma and smooth ER cisternae . P--protein is clGsely

associated with platids and mitochondria i n mature s ieve 

elements ( Figs~ 66 and 67) . W = wall , unlabelled 

arrows = P--protein. Scale lines : Figs . 65 and 68 = 1, 0)Jm; 

Figs. 66 and 67 = 0 , 5 ~m. 
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The width of the pores at their narrowest point was on average 0,044 ~ 

( range: O! 040 to 0,048 I.J ). l\s stated, the width of the sieve plate pores 

Was approximately 0,09 to 0,10~. The lateral sieve area pores do not 

fall into the same size range as the sieve plate pores. 

Nearly all latera l sieve area pores examined contained P-protein ( Fi~s. 

78 - 82). In most pores the P-protein was densely packed ( Figure 79 ) 

and had an amorphous appearance , except near the apertures of the pores 

where individual components of P-protein could be seen extending into the 

lumina of the cells ( Figure 79). The degree of P-protein packing was 

related to the amount of p-protein within the respective sieve elements . 

Some lateral sieve area pores, notably those from non-plasmolysed sieve 

elements , contained no P-protein within the pore apertur8s ( compare 

Figs. 53' , 54 and 77 to Figs. 79 and 82 ). All pores were lined by the 

plasmalemma, which was contiguous from cell to cell. 

The median nodule, which is formed during early stages of perforation of 

the pore site, is not always apparent in fully-developed pores whilst in 

others it is easily recognisable ( Figs. 78 and 79 ). The diameter of 

some of the fully-developed pores is often uniform from one side of the 

pore to the other ( 0,18 ~ ), so that the nodule no longer exists in the 

region of the middle lamella ( Figure 80 ). 

- As stated, not all lateral sieve araa pores examined were occluded by 

P-protein. Figure 82 shows an example of a lateral sieve area pore which 

lacked P-protein. None of the lateral sieve area pores examined contained 

endoplasmic reticulum. Evert et 81., ( 1971 ) examined the lateral sieve 

area pores of seven species of woody dicotyledons and reported that in TiliE 

americal:~ lateral sieve area pores contained vesicular material, tentatively 

identified as endoplasmic reticulum. In addition , they reported P-protein 

within the median cavities of Tilia, which were occluded by dormancy 



58 

callose, indicating that P-f.1 l'ot.ein may normally be pres ent within the pores , 

5.1.6 Companion Cells, procambial Cells and~hloem Parenchyma 

5.1.6.1 Companion Cells 

The adaxial phloem sieve eleme nts usually have one but sometimes two 

companion cells per sieve tube member. During early stages of ontogeny, 

it i s difficult to distinguish i mmature companion cells from immature 

sieve elements . As the companion cells mature, certain changes take place 

within the cyt.oplasm; the nucleus elongates and heterochromatin material 

becomes peripherally dis persed ( Figs . 57 and 58 ). Mature companion cells 

contain mitochondria which have highly developed cristae similar to those 

in adaxial phloem sieve elements, endoplasmic reticulum, and nany free 

ribosomes dispersed throughout the cytoplasm . Mature companion cells 

have numerous plasmodesmatal connections with their respective sieve 

elements ( Figs. 69 and 71 ). 

5.1.6.2 Procambial Cells 

The adaxial protophloem ( Figure 44 ) is surrounded by procambial and 

sheath parenchyma cells . As stated, the primary phloem is as in other 

plants, derived from pr ocambium, which divides internally, giving rise to 

companion cel ls and sieve elements. After division and during thE early 

stages of phloem ontogeny, the procambial cells are very similar to 

immature companion cells and immature sieve elements ( Figure 45 ), as 

they contain free ribosomes, endoplasmic reticulum and mitochondria. 
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Figs. 69-73. Plasmodesmatal connections between mature siev8 elements 

and contiguous companion cells . 

Figure 69. Glancing section showing in sllrface view , two 

groups of plasmodesmata as seen from companion cell side of 

pores. Callose is confined to a narrow ring surr ounding 

pores . Note longitudinal micro-tubules ( unlabelled arrows ). 

Figs . 70 and 73. Show longitudinal sections through 

plasmodesmata surrounded by callose ( Figure 70 ) 6nd 

plasmodesmatal pore (PO) free of callose ( Figure 73 ). 

Figs. 71 and 72. Surface view of pores, showing uneven 

disposition of callose. CC = companion cell, SE = sieve 

element, C = callose. Scale lines represent 0,5 ~m. 



5.1.6.3 Phloem Parenchyma 

The parenchymatous elements which surround the primary phloem str8nds 

of Gomphocarpus are the widest in cross-section ( 40 ~ a nd more ) of 
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all "the phloem components . In comparison to the other phloem components, 

phloem parenchyma cells are highly vBcuolated, and contain mitochonrlria, 

chloroplasts, rough and smooth endoplasmic reticulum within the peripheral 

cytoplasm ( Figs. 45 , 46, 47, 50 and 51 ). 

5.2 External and Abaxial Sieve Element Protoplast 

5.2.1 Protophloem and Metaphloem Origin 

The external and abaxial protophloem of Gompho carpus has a very similar 

ontogeny and structure compared to the internal and adaxial protophloem, 

therefore it does not require separate discussion . Light microscopic 

investigation revealed that like the internal/ adaxial phlo8m, precursors 

of the external/abaxial phloem was procambium. One major point of 

difference is that the primary external/abaxial phloem have less procambial 

cells per strand than the interna l . Observations of thin sections 

indicated that the external/abaxial phloem procambial cells lost their 

meristematic f unction after the formation of from 9 - 15 sieve elements 

per strand. 

5.2.2 The P-protein 

A major point of diff8rence ohserved in thin sections was the apparent 

lack of P-protein in mature abaxial sieve tubes . By comparison, the 

P-protein within abaxial phloem sieve elements disporses, and becomes 

more dispersed wi thin the parietal laye"r than was observsd in mature 



, 
, -;< 

' .. . , . 
'~ ' 

. " . ., . 
' .,,-

. ......... 
" . .~ . 1 

/' " 

• I . 

" 

. I, 

~ , . - ' 

" 

I();" 
, . 

, 



61 

Figs. 74-75. Glancing IDngi~udinal section through portion of a siev8 

plate of matul '8 a daxial metaphloem sieve element and 

contiguous cD~penion cell. All sieve plate pores ar~ 

partly occluded by varying amounts of callose and P-protein , 

the latter due to surging of the sieve element contents. 

At higher magnification ( Fig. 75 ) variable detail is 

discernible within the pores. W = wall, P = plastid, 

M = mitochondrion, C = callose, lining pores of sieve plate, 

PP = P- protein, PL -. plasmalemma. 

Scale lines: Figure 74 ~ 1,0 ~mj Figure 75 0,5 ~m. 
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adaxia l sieve eleme nts ( compare F:L ~]3 . £38 - 90 with Figs. 61 and 62 ). 

Of significance was the lack of sline plugs associated with sieve plates 

and lateral sieve areas corr.pe.red wi t h the a daxial phloem, Rnd the l ack of 

P-protein within sieve plate pores or lat~ral siEve area pores ( compare 

Figs. 84 and 88 - 90 wi t h ~j. gs . 63 , a nd 74 - 77 ). 

The extrafasicular sieve e l ements of gucurbi ta ( Cr ons haw and Esau, 1968 , 

and literature cited therein ) con ~ain s lime bodies which fail to disperse 

at maturity, unlike those within the bundles. The sieve plate pores of 

the extrafasicular sieve elements are us ually unobs tructed by P--protein 

( Cronshaw and Esau, 1968; Evert et al., 1973a). P-protein has been 

reported to be absent from mature s ieve elements of a large number of 

plants ( see Evert et al., 1973a , and literature cited therein ). 

If P-protein plays an essentia l role in the long distance translocation of 

assimilates, then this must indicate that more tha n one mechanis m of 

long distance trans location i n sieve eleme nts must be operative. At leas t 

one in plants which contain P-protein and at least one or even more, in 

those plants in which P-protein is lacking. Whilst it may be acceptable 

that more than one mechanism may be responsible for long distance trans

location in different plants, i t is unlike ly that two independent 

translocation mechnais ms are oper ative, one in the external/abaxial phl oem 

. and another in the internal/adaxial phloem of 9omphocarpus. It must be 

assumed that P-protein, or the lack of the substance, is not causa tive 

in the pr eferential feeding of Aphis nerii on the internal/adaxial phloem . 

However, it cannot be ruled out that l ack of or les s P-protein within 

mature abaxial and ext ernal sieve e lements may exert some effect on the 

translocat ion rate compared with that in the adaxial and internal phloem 

sieve elements. 
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Figs. 76 and 77. Glancing lnnuitudinal s8ctions through portions 

of sieve plates of mature adaxial sieve elements. 

Figure /'5. Sieve plate pores plugged with P4Jrotein. 

Figure 77. Shows a pore rela.tively fre E: of P4Jrotein, 

which covers pores to right ( unlabelled arrows ). 

Portions of longitudina l ly orientated ER cisternae 

( a rrowhead) line wall and on right, and part of 

sieve plate. 

CC = companion cel l; C = callose lining pores of 

sieve plate . Scale lines : Figure 76 = 1 , 0 ~m ; 

Figure 77 = 0, 5 ~m. 
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5.2.3 Organelles and Membrane Syst 8ms 

During the early stages of ont ogeny of the abaxial phloem, the nucleate 

sieve element protoplast i s similar in appearance to that cf the immature 

adaxial procambial derjvativ8s. Figur~s 92 - 95 are longitudinal 

sections through the mets)(ylem and cambia l zone ( Figure 93 ); procf-::anblunl 

and protophloem ( Figs . 94 and 95 ); 6:cocambium and metarhloem ( Figure 92 

Examination of thin sections revealed that the t onoplast, as in the adaxial 

phloem sieve elements, ruptured after the dispersal of P-protein bodies 

was completed ( Figure 92 ). At the same time as P-protein body dispersal , 

as in the adaxial phloem, certain of the protoplasmic components undergo 

marked changes. The initially rough endoplasmic reticulum migrates toward 

the plasmalemma, loses its attached ribosomes and lies closely appressed 

to the plasmalemma, where it either assumes a curvilinear ( Figs. 83 and 89 

longi tudinal ( Figure 89 ) or horizontal form ( Figs. 88 and 89 ) vJi th 

respect to the longitudinal axis of the s i eve element. 

As in the adaxial phloem, the endoplasmic reticulum of mature external 

and abaxial phloem sieve elements is fairly uniform in size, mostly 

about 130 - 140 A, slightly larger than the endoplasmic reticulum of 

the adaxial phloem sieve elements ( range: 95 - 160 A ). 

Unlike the plastids of the adaxial phloem sieve elements, those of t he 

abaxial sieve elements Figs. 83 , B6 and 87 ) were rarely associated 

with P-protein, although in some instances ( Figure 83 ) the plastids 

were associated with the parietal ER cisternae . As in the adaxial sieve 

element plastids, those of the abaxial phloem sieve elements contained 

only starch. Of note is the fact that many of the mature abaxial phloem 

sieve elements lacked mitochondria. Those sieve elements which contained 

mitochondlia, did not have as many as those i n the adaxial phloem sieve 

elements; these mitochondria were generally located within the parietal 
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Figs. 78-82 . longitudinal ( Figs . 78-80 ) and surface view 

( Fig. 81 and 8:2 ) of la.teral sieve areas in mature 

adaxial Si8'J8 eTements. l a teral sieve areas were 

partly occluded by varying amo unts of callose. Few 

( Figure 82 ) were free of, or only partly blocked 

( Figure 80 ) by P-protein. C callose lining s ieve 

area pores, MT = microtubules, PP = P-protein! 

MN = median nodule. Scale lines: Figs. 78 and 79 

2,0 ~mj Figs. 80 and 81 = 0,5 ~mj Figure 82 = 0,25 ~m. 
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cytoplasm. P-protein W3.S not c bsBr'/Bd t o be associated with abaxial 

sieve element mi tochondria .;)5 was t he ca.!:.E' in adaxial sieve element 

mitochondria ( compare Fi gure 66 with Figure 91 ). 
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The mitochondria of t he aiJax:i.81 phloem compa nion cells were variabl e bottl 

in size ( range : 0,04 - O, OS L.J ) and i nternal membra ne complexity 

( Figs. 90 and 91), and were fewer in number compared wi t h adaxial 

companion cells ( compare Figur e 66 d.th Figure 90 ). 

5.2.4 Cell Wal ls 

As in the adaxial phloem, the lateral walls of the abaxia l metaphloem 

sieve elements had a wavy outline even whe n viewed under phase-contrast 

light ( see Figs. 30, 83 and 92 ). However, when viewed with the electron 

microscope, the lateral wa lls of the abaxial and external metaphloem sieve 

elements do not have an inner wall layer which appears to be morphological ly 

distinct from the outer layer. 

5.2.4.1 Plasmodesmata 

Plasmodesmal conn8ctions between immat ure and mat ure abaxial sieve 

elements and their contiguous companion cells were similar to those 

encountered in thin s ections of adaxia l phloem ( see Figs. 69 - 73 for 

reference). On the sieve element side ( Figure 92 ), callose depos ition 

WaS variable, with lIe ry thin callose rings in the companion cell side 

( Figure 90 ). 





Figs. 83-87. Details of aba.xial phloem s ieve elements ( Figs 83-84 

and 86-87 ) and companion cell nucleus ( Figure 85 ). 

Figure 83. Glancing longitudinal section of immature 

adaxial metaphloem sieve element, with pores lined 
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with thick callose cylinders. ER in concomitant sieve 

elements is both horizontally ( arrows ) and vertically 

orientated ( arrowhead). P-protein dispersal completed 

in lower sieve element. 

Figure 84. Transverse section of part of sieve plates of 

concomitant protophloem sieve elements . Note even though 

the plastids have ruptured, releasing starc~ that sieve 

plate pores are lined by relatively narrow callose cylinders 

Figure 85. Tangential view of portion of nuclear envelope 

of companion cell showing arrangement of nuclear pores 

( unlabelled arrowheads ). 

Figure 86 . Longitudinal section of sieve plate between 

concomitant protophloem sieve elements. Sieve plate pores 

blocked by definative callose. Note that plastid membranes 

are intact. 

Figure 87. Glancing section through part of sieve plate 

between concomitant metaphloem sieve elements. Note 

pores partly restricted by callose. W = wall, P = plastid, 

S = starch, C = callose lining sieve plate pores, 

DC = definitive callose, M = mitochondrion, ML = middle 

lamella. 

Scale lines: Figure 83 = 3,0 ~mj Figure 84 = 2,5 um; 

Figure 85 = 0:5 ~m; Figure 86 and 87 = 1,0 ~m. 
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5.2 . 5 Sieve Plates and Lateral Sieve Areas 

5 . 2.5 . 1 Sieve Plates 

The present study added little to the knowledge of sieve plate 

development in the abaxial phloem of Gomphocarpus,for few developing 

sieve plates were encountered with the electron microscope . As melltioned 

the abaxial and external phloem contain less sieve tubes in cross-section 

compared with the adaxial and internal phloem. In translJerse section 

( Figure 84 ), part of two concomitant sieve plates of mature abaxial 

protophloem sieve elements are shown. The sieve plate pores are 

unobstructed by P-protein, even though the sieve tube plastids are ruptured, 

indicating severe plasmolysis within these sieve tubes. The pores are 

surrounded by relatively narrow callose cylinders. The sieve plate pores 

average 0,53 ~ ( range : 0,36 - 0,72 ~ ) in diameter at their narrowest 

point. 

As differentiation and maturation of the abaxial metaphl08m sieve elements 

proceeded, many of the protophloem sieve elements were observed to have 

massive deposits of definative callose which completely occluded the sieve 

plate pores. The plastids in such sieve elements were always observed 

to be intact and to contain variable numbers of starch grains ( Figure 86 ), 

. indicating that plasmolysis was not responsible for the formation and 

deposition of the definative callose. 

Very few of the sieve plate pores of the abaxial metaphloem were observed 

to be callose-free. The pores were restricted by deposition of callose 

cylinders of varying thicknesses ( Figs. 83 and 87) . Of importance is 

the fact that the sieve plate pores of the abaxial phloem were never as 

restricted by callose as were those of the adaxial phloem . 





Figs. 88-91. Transverse sections of mature abaxial metaphloem. 

Figure 88 shows part of a lateral sieve area. Open 

pore is free of callose. 

Figure 89 shows horizontal and curvilinear ER cisternae 

closely appressed to the plasmalemma. The lume~ of 

the sieve element contains little p-protein. 

Figure 90. Glancing section through branched 

plasmodesmata between companion cell and concomitant 

metaphloem sieve element. In cross-section the nucleus 

occupies much of the companion cell . 

Figure 91. Mitochondrion from mature abaxial metaphloem 

sieve element. 

W = wall, unlabelled arrows = horizcntal ER, arrowhead = 
curvilinear ER, N = nucleus. 

Scale lines: Figs. 88 and 90 

Figure 91 = 0,03 ~m. 

0,5 ~mj Figure 89 = 0,25 ~mj 
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5.2.5.2 Lateral Sieve Areas 

Few lateral sieve areas were encountered in thin section of either abaxial 

phloem or external phloem. Figure 88 is a transverse section of a callose

free lateral sieve area pore. Another pore site is visible immediately 

above in the lateral wall of the sieve element. Although the contents 

of the sieve elements which contained the lateral sieve area pore shown 

in Figure 88 was poorly fixed, the pore is unobstructed by either P-protein 

or callose. Lateral sieve area pores of abaxial phloem sieve elements 

measured on average 0,103 ~,smaller than the calculated values for sieve 

plate pores ( 0,36 - 0,72 ~ ). 

5.2.6 Companion Cells, Procambial Cells and P:,loem Parenchyma 

The abaxial sieve elements usually have one companion cell per sieve 

element. Figures 92 - 95 are views of the cambial zone and abaxial phloem. 

As in the adaxial phloem, it is difficult to distinguish between the 

nucleate, thin-walled procambial cells and their immature derivatives 

during the early stages of differentiation. Figure 92 is a longitudinal 

section showing part of a procambial cell, adjacent to which is part of 

a companion cell, and an immature and mature sieve tube. The nucleus 

of the pro cambial cells is usually large ( Figure 94 and enlarged in 

Figure 95 ), but does not occupy as much of the protoplast as does the 

nucleus of the abaxial companion cells ( Figure 90 ). Figure 85 is a 

glancing section through part of the nuclear membrane and nucleus of an 

abaxial phloem companion cell; several regularly-spaced nuclear pores 

( arrows) are visible. 8urr and Evert ( 1973 ) reported similar, 

regularly-arranged pores in Selaginella kraussiana, and also that 

ribosomes were always found attached to the nuclear envelope in interpore 

areas. It was not possible to determine if ribosomes were present in the 
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Figs. 92-95. Longitudinal '-'i.8WS of cambial ( Figure 93 ), procarnbial 

( Figs. 92 , 94 and 95 ) and abaxial sieve elements 

and companion cells ( Figs. 92 and 94 ). 

W = cell wall, ST = metaxylem secondary thickening, 
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SE = sieve element, CC = companion cell, PC = procambial 

cell, M = mito2hondrion, N = nucleus, 0 = dictyoso me . 

Scale lines: Figure 92 = 3 ~m; Figure 93 = 5 ~M; 

Figure 94 = 10 ~m; Figure 95 = 2 ~m. 
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inter-pore areas of the nuclear envelope of. Gomphocarpus. Apart from the 

smaller diameter of the procambial derivatives in the abaxial phloem, their 

contents were essentially similar to that of the procambial derivatives of 

the adaxial phloem. Similarly, the external and abaxial phloem parenchyma 

cells closely resembled the phloem parenchyma of the internal and adaxial 

phloem. 

5.3 Summary 

As seen with the electron microscope, the protophloem sieve elements 

are essentially devoid of protoplasm, and have parietally-dispersed 

endoplasmic reticulum cisternae , and were mostly partly collapsed, due 

either in part to pressure during sectioning , or to pressure due to 

expansion of the bundle. The metaphloem sieve elements have lateral walls 

which are generally thickened, usually consisting of two distinct layers: 

the inner wall layer being morphologically distinct from the outer wall 

layer. Concomitant with the di spersal of p-protein bodies, which occurs 

prior to the breakdown of the tonoplast, certain of the protoplasmic 

components of the sieve elements undergo very marked changes. Especially 

notable are the changes which occur to the endoplasmic reticulum . As the 

sieve elements approach maturity, the rough endoplasmic reticulum 

cisternae migrate towards the plasmalemma, assume a parietal position, 

becomes firmly attached to the plasmalemma, during which process ribosomes 

are lost from the cisternae. The endoplasmic reticulum of mature internal 

and adaxial phloem sieve elements is uniform in size, mostly about 120 A; 

that of the abaxial and external phloem sieve elements mostly 130 - 140 A. 

Starch-containing plastids and mitochondria were often seen in close 

associ ation with the ER cisternae , those of the adaxial and inter~al phl~em 

sieve elements often had fibrillar p-protein attached to their surfaces. 
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The ER cisternae of ma ture adaxial a nd internal phloem sieve elements 

were mostly hori zontall y or ientated wi th r espect to the longitudinal 

axis of the sieve element s , associ a ted with which was vertically-

orientated tubular and fi bri l lar P-protein. The ER cisternae of mature 

abaxial and external phloem sieve elements ass ume either a curvilinear, 

longitudinal, or horizonta l fo~m with respect to the longitudinal axis 
I 

of the sieve elements. All sieve plat es ~nd lateral sieve areas of a daxjal 

and internal phloem sieve elements were usually associated with P-protei n . 

The degree to which sieve plate and l ateral s ieve area pores were plugged 

by P-protein and by callose deposition was variable. A major point of 

difference observed between adaxial/internal and abaxial/external sieve 

elements was that the latter contained less parietally-dispersed P-protein 

at maturity. Significantly, the sieve plate and lateral sieve area pores 

usually lacked slime plugs or heavy deposits of callose, irrespective 

of the state of fixation of the sieve element protoplast. Ma ny of the 

adaxial and internal phloem protophloem sieve elements appeared functional, 

whereas the sieve plates of many of the protophloem sieve elements of 

mature abaxial and external phloem bundles were not. 

Although the external and abaxial protophloemsieve elements begin to 

differentiate before the internal and adaxial protophloem sieve elements, 

the former do not persist as functional elements throughout the life of 

the . plant. In LP 5, the adaxial protophloem is mature, and presumably 

functions in assimilate translocation, whereas the abaxial protophloem 

sieve elemets are by this stage, occluded by massive deposits of 

definitive callose. Concomitant ly, most of the abaxial metaphloem sieve 

elements are not mature, and are fewer in number than the al ready mature 

adaxial protophloem s i eve elements. The lack of evidence of surgj.ng in 

the external ard abaxial phloem coupled with less cal los e depos iti on, 



and the eBrly occlusion of protophloem sieve elements is taken as 

evidence that the exte~nal and abaxial phloem sieve elements are not 

as functional in the translocation of assimilates as are the internal 

and adaxial protophloem and metaphloem sieve elements. 
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6. PHLOEM TRJI.NSLDCATIDN OF 14C-ASSIMILATES 

6.1 Results and Discussion 

The experiments to be discussed are of three types: (1) those in whish 

colonies of A. nerij. were used to investigate the effects of ringbarking 

on the translocation profiles within the internal phloem of stems which 

contained no secondary phloem; (2) those in which the bark was separated 

from the pith in order to determine the proportion of 14C-assimilate 

translocated in the external and internal phloem, respectively; and (3) 

those designed to investigate the relative roles of external and internal 

phloem in export/import relationships of young and mature leaves. 

6.1.1 Translocation of Assimilates in the Internal Phloem 

When a comparison is made of the translocation profiles of control and 

ringbarked plants ( Figs. 96 and 97 respectively), it is apparent that 

ringbarking below the feeder leaf had little or no effect on the trans

location profile of the internal phloem. Acropetal transport of 

14C-assimilate was least affected by this treatment. Basipetal transport 

within th~ internal phloem of ringbarked plants was similar to that of the 

"intact controls for the first 3 hours. After 4 hours the amount of 

14C present in the honeydew began to level off; after 6 hours, a pulse

type of profile was exhibited. The latter Was most evident 6 to 8 hours 

after commencement of the experiments. The slopes of the curves plotted 

in Figs. 96 and 97 suggest that a difference may have existed in the r ate 

of translocation acropetally and basipetally in the internal phloem, under 

the experimental condition. 
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Figs. 96-99. Translocation of 14C-assimilate in the inter:1al phloem 

of g. physoE.9!Eus . Monitoring by aphid technique. 

Figure 96. Acropetal ( 0-0 ) and basipetal ( e-f;l ) 

t r anslocation in intact controls. oNote that basipetal 

translocation decreased after 5 hours, whereas the 

acropetal component did not. 

, 0 7 1 t' f 14C "1 t h' Flgure 9. Trans oca lon 0- -aSSlml a e, s oWlng 

75 

the effect of ringing on the translocation Pl~lfile. 

Plants ringbarked below feeder leaf. Acropetal ( 0-0 )j 

basipetal ( -I). Comparison of Figure 96 with Figure 

97 reveals tha t ringbarking had very little effect on 

the translocation profile in the internal phloem. 

Figure 98. Corrparison of translocation ( acropetal plus 

basipetal ) in intact control stem ( -I) and stem 

( 0-0 ) ringed above feeder leaf. Note delay of one 

hour prior to attainment of maximum translocation of 

assimilate in ringed plant compared to intact control. 
14 

Total recovered C. t = 4891 and 4024 dpm r espectively. 

Figure 99. Comparison of acropetal translocation 

f 14 "1 t ' , () o C-aSSlml a e In lntact controls 0-0 and 

stem ringed below feeder leaf ( I-I)j t = 3226 and 

3783 dpm respectively. Note that acropetal translocation 

is not adversely affected by ringing. 
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Experiments conducted one Iflonth later ( in April ) resulted in trans--

location profiles ( Figs . 98 and 99 ) which differed markedly from those 

of the original experiments ( Figs. 96 and 97 ). Of particular interest 

was a delay of one hour in the passage of the translocation front in 

plants ringed above the feeder leaf ( Figure 98). Both acropetal a nd 

basipetal translocation were monitored for the internal phloem. Apart 

from the one hour delay, the translocation profile of the ringed plant 

nearly mirrored that of the intact controls ( Figure 98 ). By 

comparison, ringbarking of the stem below the feeder leaf resulted in no 

apparent delay in the passage of the front acropetally in the internal 

phloem ( Figure 99 ). 

These results indicate that removal of the external phloem did not result 

i n any marked depres sion of the translocation profile in the internal 

phloem, even though a delay of one hour was noted in plants ringed above 

the feeder leaves. Although collectively these resul ts indicate that 

translocation in the internal phloem is independent of that of the external 

phloem in Q. physocarpus , they provide no information on the relat ive 

dependence or independence of external phloem transport on that of the 

i nternal phloem. 

6. 1 . 2 Bark St~ipping Experiments 

As mentioned, bark stripping experiments were conqucted in an attempt to 

determine quantitatively the ratio of assimilate transported in the 

external and internal phloem. Figures 100 -105 illustrate the principal 

results of these experiments. 

When experimental plants were subjected to low light intensity ( 350 ft 

candles) and a ma ture leaf of each fed 14CO continuously for 25 minutes, 
2 

the total ethanol-soluble 14C-assimilate was greater in the "pith" 
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segments than in corresponding bark segments ( Figure 100). With 

" d f 14 .. 1 t d ,. d increasing distances from the fee er lea, C-asslml a e eC.Llne morg 

rapidly in the pith segments "than in those of the bark. In addition, 

levels of 14C decreased more rapidly acropetally than basipetally in both 

pith and bark. 

The rapid decrease in pith 14C may be indicative of a non-equilibrium 

translocation state ( MacRobbie, 1971) as higher levels of radioactivi~y 

are associated with the fed zone. The rate of incorporation of 14C02 and 

translocation of 14C-assimilates out of the leaf under non-equilibrium 

conditions, would be low. Indeed, this was the case in these experiments, 

in wnich the mean total ethanol-soluble 14C in the fed leaves was 

273 315,9 dpm, and 1 989,3 in the stem. In other words, only O,~/o of 
, 

-the total extracte"d 14C-assimilate was l associated with the bark and pith 

segments. Of special interest was the mean exernal/internal 14C-assimilate 

( eli ) of 0,42 : 1. Under low light intensity, more assimilate apparently 

moved within the internal phloem than the external phloem. 

Figures 101 - 105 show the results of experiments similar to those just 

discussed ( Figure 100 ), with the exception that those of Figures 101 - 10E 

were conducted 1,5 months later and under daylight conditions. 

Comparison of the results of the first experiment ( Figure 100 j with the 

one conducted under an identical steady-state feeding time of 25 minutes, 

but with daylight conditions ( Figure 101 ) reveals striking differences . 

In the low light intensity experiment, 11,0 and 25,8 % of the total 

radioactivity recovered from bark and pith segments, respectively, were 

associated with the node of the feeder leaf ( the "feeder node" ). In 

those grown under daylight conditions, 64,0 and 54,710 were associated 

with the feeder node. The eli ratio under daylight conditions was 

1,51 : 1, which is significantly different from the 0,42 : 1 calculated 
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Figs. 100-103. Comparison of 14C-assimilate distribution as a function 

of distance along a 10 cm portion of 20-week-old 

G. physocareus stems. Figure 100. 25 minutes 

continuous feeding , under low liQht intensity. 

Figure 101. 25 minutes continuous feeding under daylight 

conditions. Figure 102. 40 minutes continuous feeding. 

Figure 103. 2,5 hours continuous feeding. 80th 40 

minutes and 2,5 hours feeding under daylight conditions. 

Arr6Wheads correspond to the segment associated with 

the feeder leaf. 

Figure 100. Translocation and distribution of assimilate 

in the bark -G ) and pith ( 0-0) (external and 

internal phloem respectively). In this experiment, in 

which the plant was grown under low light intensity, 
14 

the external phloem translocated less C than the 

internal phloem. Total recovered radioactivity in the 

bark and pith was 800 and 1 189 ,5 dpm respectively. 

Mean external/internal ratio was 0,42 : 1. 

Fig. 101. Translocation and distribution of assimilate 

in the bar~ ( 1-& ) and pith ( 0-0). Distribution of 

radioactivity in the bark and pith were similar to each 

other. Total recovered radioactivity in the bark and 

pith was 1 699,3 and 1 124,6 dpm respectively. Mean 

eli ratio was 1,51 : 1, which indicates an increase in 

· the external phloem translocation component. 

Figure 102. Translocation and distribution of assimilate 

in the bark ( I-a) and pith ( 0-0). Note that more 

14C is present in the lower pith segments than in the 

lower bark segments. Total recovered radioactivity in 

the bark and pith was 99 380,4 and 58 635 ,0 dpm respectively 

Mean eli ratio was 1,69 : 1. 

Figure 103. Translocation and distribution of assimilate 

in the bark ( I-I ) and pith ( 0-0). Total recovered 

radioactivity in the bark and pith was 44 898 , 9 and 

12 445,7 dpm respectively. Mean eli ratio was 3,61 1. 
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for the low-intensity experiments. In addition, of the total extracted 

14C-assimilate, only 0,1 '10 was associated with the bark and pith of 

daylight plants at termination of the experiment~ . 

14 
Increase in the time of exposure to CO2 from 25 to 40 minutes 

( Figure 102 ) resulted in an increase in the eli ration from 1,51 : 1 

to 1,69 : 1. This is indicative of a greater proportion of the 14C_ 

assimilate being present in the external than internal phloem at the 

time of sampling after 40 minutes exposure. And while the curve of 

radioactivity ( Figure 102 ) for the pith segments indicates that 

basipetal translocation in the internal phloem was possibly approaching 

a steady-state, that for the bark segments indicates a steady-state of 

basipetal translocation had been achieved in the external phloem. 

After 40 minutes exposure more, radioactibity was associated with the pith 

segments above the feeder node than below. In addition, considerably 

more total extractable 14C-assimilate occurred in the bark and pith 

segments after 40 minutes exposure than after 25 minutes exposure: 

14,7810 compared to 0,110. 

After 150 minutes of steady-state feeding, the distribution of 14C_ 

assimilate decreased rapidly in the bark and pith above and below the 

feeder node ( Figure 103). The eli ratio of 3,61 : 1 indicates that 

h 14C , ', 1 t' t ' 5 . muc more -aSSlml a e lS presen In the bark than pith after 1 0 

minutes. Of the total extracted 14C-assimilate, 7,5 10 was associated with 

the bark and pith segments . Although this is a decrease from the percentagE 

associated with the bark and pith segments after 40 minutes exposure 

( Figure 102 ), the decrease is likely due to translocation of 14C_ 

assimilates out of the 10 cm zone studied. 

Bark-stripping experiments on lateral branches of matu::'e axes ( Figs. 104 

and 105 ) revealed that the lateral branches had translocation profiles 
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Figs. 104 and 105. Comparison of 14C-assimilate distri~ution and 

translocation as a function of distance along a 

10 cm portion of lateral branches of mature 

81 

G. Ebysocarpus . Figure 104 morphologically younger 

than that dspicted in Figure 105 . Continuous feeding 

for 25 minutes . 

Figure 104 . Distribution of assimilate in the bark 

( I-I ) and pith ( 0- 0) . Total recovered radioactivity 

in the bark and pith was 59 728 , 0 and 18 095 , 0 dpm 

respectively. Mean eli ration was 3,3 : 1 ~ 

Figure 105 . Distribution of assimilate in the bark 

( 1- ) and pith ( 0-0 ). Total recovered 

radioactivity in the bark and pith was 79 938 , 5 and 

6 711,9 . Mean el i ratio was 11 ,91 : 1 . 

\ 
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essentialJy similar to those of younger main stems, although the acropetal 

translocation component is almost none)~istent in these branches. In 

morphologically older laterals ( Figure 105 ) basipetal tra nslocation 

appears depressed, compared to the younger laterals. In addition, the 

e/i ratio calculated for the older lateralli (11,91 1) differs greatly 

from that calculated for the younger ones (3,03 1). The e/i ratio 

of the younger laterals compares favourably with the range for 20-week-old 

main stems. 

6.1.3 Role of the External and Internal Phloem in Export/Import 

Relationships in young and Mature Leaves 

The anatomical investigation of the ontogeny of the primary phloem of 

g. physocarpus indicated that the uppermost four pairs of leaves of each 

shoot tip were served by external phloem only; that is, any adaxial phloem 

in the petioles and laminas of these leaves lacked mature sieve tubes. 

It is also pertinent to emphasize that by far the largest colonies of 

A. nerii were located on portions of stems - between nods 5 and 15 

which contained mature primary sieve tubes but lacked secondary vascular 

tissues. 

Experiments were designed to study the role of the external and abaxial 

phloem in immature stems and leaves, respectively, in the transport of . 

assimilates from mature, actively-exporti~g leaves of the mature axis 

and, concomitantly, to observe the effect of ringbarking of the external 

phloem on the import of assimilate by immature leaves. In these 

experiments, 20-week-old g. physocarpus plants were treated by severing 

the external phloem either above or below the feeder leaf. The amount of 

radioactivity which reached the apical portions of treated plants was 

compared to that recovered in similar portions of intact control olants. 



The results of these experiments are recorded in Tables III to VI. 

TABLE III 

DISTRIBUTION OF 14C-ASSIMILATE IN YOUNG LEAVES OF 20-WEEK-DLD 1 

G. PHYSOCARPUS AFTER 2,5 HOURS EXPOSURE OF A MATURE LEAF TO 14C02 

dpm 0/0 of total dpm 

LEAF PAIR NQ 2 1 732,0 8,8 

3 3 288,6 16,8 

4 2 414,8 12,3 

5 917,1 4,7 

6 4 686,2 23,9 

sub total 2-6 13 039,5 66,4 

APEX 6 584/4 33,6 

TOTAL: 19 623,9 100,0 

1Mean of six replicates 

The control plants ( Table III ) were fed 14C02 via a mature leaf 

( leaf nine counting from the apex down) for 2,5 hours, after which the 

pairs of leaves were removed and the 14C-activity in them was determined. 

The data recorded in Table III represents the means of six replicates. 

Leaf pairs 2 - 6 contained 66,4 ~ of the total ethanol-soluble 14C_ 

assimilates, the rest of the shoot tip ( including leaf pair 1 ) the 

remaining 33,6~. It will be noted that considerable variation exists 

-among the values for leaf pairs 2 and 5~ The reason for these differences 

is not known. Perhaps the phyllotaxy may have had an influence upon the 

distribution of assimilates. 

Ringbarking below the feeder leaf resulted in a very marked reduction in 

the amount of radioactivity accumulated in the young leaves ( TobIe IV ) 

compared with the controls. After 1,0 and 2,5 hours exposure to 14CO 
2 
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the apical meristem and fi rst leaf pair together only contained 0,8 and 

11,5 ~ after 1,0 and 2,5 hours respectively , of the total ethanol-soluble 

14C "1 t -aSSlml a e. 

TABL.E IV 

DISTRIBUTION OF °14C-ASSIMILATE IN YOUNG LEAVES OF 2o-WEEK-oLD 
° 1 

G. PHYSoCARPUS, RINGBARKED BELOW MATURE FEEDER LEAF. 

1,0 h 2,5 h 

dpm 0/0 of total dpm dpm ~ of total dpm 

LEAF PAIR N~ 2 37,6 3,1 182,3 4,2 

3 39,3 3,2 1 347,3 31,3 

4 70,4 5,7 264,7 6,1 

5 181,7 14,8 712,9 16,5 

6 886,1 72,4 1 302,0 30,4 

sub total, 
2 - 6 1 215,1 99,1 3 815,2 88,5 

APEX 9,9 0,8 493,4 ~ 

TOTAL: 1 225,0 100,0 4 308,6 100,0 

1 
Mean of six replicates. 

Results of ringbarking above the feeder leaves are recorded in Table V. 

Less 14C assimilate reached the shoot tips of these plants than those 

ringed below the feeder leaves. After 1,0 and 2,5 hours exposure to 

14C02 , the apical meristem and first leaf pair contained 4,8 and 10, 4 % 

respectively, of the total ethanol-soluble 14C-assimilate. 
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TABL~ V 

DISTRIBUTION OF 14C-ASSIMILATE IN YOUNG LEAVES OF 20-WEEK-OLD 

G • PHYSOCARPUS, RINGBARKED ABOVE MATURE FEEDER LEAF.1 ..... 

1,0 h 2,5 h 

dpm 0/0 of total dpm dpm 0/0 of total dpm 

LEAF PAIR N~ 2 131,0 16,7 241,9 7,1 

3 48,7 6,2 243,0 7,1 

4 82,7 10,5 158,0 4,6 

5 48,7 6,2 1 214,5 35,5 

6 437,5 55,6 1 204,2 35,3 
sub total, 
2 - 6 746,5 95,2 3 062,1 89,6 

APEX 38,1 ~ 354,7 '10 4 ....:..::;'.!.. 

TOTAL: 786,6 100,0 3 416,8 100,0 

1 Mean of six replicates 
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Table VI summarizes the effects of ringbarking above and below feeder 

leaves. f 14 " "1 t h" th "1 Analysis of the amount 0 C-aGSlml a e reac lng e aplca 

regions of control and ringed plants revealed a reduction of 82 , 59 and 

78,05 ~ for leaf pairs 2 - 6 of plants ringed above and below feeder 

leaves, compared with the amount of 14C reaching similar leaves of control 

plants. The reduction for the apical meristems and first pair of leaves 

was even greater: 94 ,62 and 92 ,50 ~. 

TABLE VI 

REDUCTION IN TOTAL 14C-ASSIMILATE RECOVERED FROM APEX AND YOUNG 

LEAVES DUE TORINGBARKING. 1 

REDUCTION IN APICIES CO~~ARED 

WITH INTACT CONTROLS 

( ~ OF CONTROLS ) 

REDUCTION IN TOTAL 

RECOVERED 14C 

( FOR LEAVES 2 - 6, 

0/0 OF CONTROLS ) 

1 Data from Tables I - III. 

Ring 

position 

below feeder 

3bove feeder 

below feeder 

above feeder 

2,5 h 

92,50 

94,62 

78,05 

82,59 

The increase in percentage of radioactivity in leaf pairs five and six 

of ringbarked plar.ts ( Tables IV and V ), comparsd to the controls 

( Table III ) may be dUB in part to damage sustained by the external 

phloem during ringbarking. This damage illay have resulted in assimilatBs 

being diverted to the internal phloem at the source. After diversi lJ n, 
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leaf pairs five and six, which contained both adaxial and abaxial phloem, 

o bl 14C 0 01 t could accumulat e apprecla y more - aSSl ml a e . The adaxial and 

abaxial phloem of these l eaves contained mat ure, func t iona l sieve tubes; 

the petioles of leef pairs five and six contained more adaxia l than 

abaxial sieve tubes. Inter estingly , ringbarking below the feeder leaf 

t f 14C 0 01 t 0 1 f 0 th th resulted in a greater amoun 0 -aSSlml a e In ea palr ree ,an 

would be expecte,d ( Table IV ). After 2,5 hours, 31,3 percent of the 

total extracted 14C-assimilate was associated with leaf pai~ three. It 

is possible, that after diversion into the internal phloem, that the 

assimilate could have been rediverted to the abaxial phloem by means of 

the par~nchymatous bridge which exists between the bark and pith in 

immature stems; especially near the apical meristem. It is notable 

that in plants ringbarked above the feeder, leaf pair three, after 2,5 

14 hours exposure to CO2 , contained only 7,1 percent of the total extracted 

14 0 01 t C-asslml a e. Diversion of the assimilate at the source in this 

instance, appears to be limited to the internal/adaxial phloem system 

only, ringbarking the external phloem above the feeder leaf exerts a 

much more marked effect on the ability of the external phloem to continue 

translocating assimilates than when the external phloem is rirged below 

the feeder leaf. 

The calculated eli ratio appears to favour the external phloem. This 

would seem to indicate that, under the experimental conditions, the 

external phloem translocates more 14C-assimilate per unit time than does 

the internal phloem. However, any interpretation of these results must 

of necessity, take into account the anatomical and ultrastructura l 

findings. 

Per unit area, more mature, functional internal sieve tubes than external 

are to be found in stems which lack secondary tissue, and more a daxial 
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than abaxial sieve tubes in near-mature or mature leaves. At the 

ultrastructural level, very little callose was observed deposited around 

sieve plates and lateral sieve areas of the external and abaxial sieve 

elements. Those of the internal and abaxial phloem were always associated 

with varying amounts of callose . Ca llose deposition, other than 

dormancy callose, is considered to be a fixation artifact by phloem 

researchers who support a mass or pressure flow mechanism of assimilate 

translocation. The difference in the amount of callose observed in 

external/abaxial and internal/adaxial sieve elements does indicate a 

probable pressure difference between the sieve elements of the two 

systems. The heavier callose deposition associated with sieve plates 

and lateral sieve areas of internal/adaxial sieve elements, does indicate 

that prior to fixation, they were under a greater pressure than the 

external/abaxial sieve elements. 

'. 
If the flow rate of assimilates is proportional to the pressure realised 

within the files of sieve tubes which constitute functional phloem 

( Canny, 1973 ), then the infered higher pressure existing in the internal / 

adaxial phloem would mean that the rate of translocation within the sieve 

tubes would be greater than the rate in the external/abaxial phloem. 

This would mean in effect, that appreciably more 14C-assimilates would 

remain accumulated in the files of external/abaxial sieve tubes within 

the 10 cm stem segment due to the slower rate of translocation. Thus, 

the calculated eli ratio would apparently favour the external phloem. 

The adaxial phloem could however, account for the greater proportion of 

assimilate exported from matur e leaves, and the internal phloem for a 

greater proportion of the translocated assimilate in stems lacking 

secondary tissue per unit time. 
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Hall et al., ( 1971 ), reported that bark incisions of vigorously':"growing 

Ricinus communis resulted in an increase in the rate of translocation 

of 14C-assimilate in the phloem of treated compared to intact contY'ols. 

Ringbarking the external phloem of ~. physocarpus has been de~onstrated 

1 t ' f 14 "1 t to have little or no effect on the trans Dca lon 0 C-asslml a es 

within the internal phloem. The report of Hanstein ( 1864 ) that 

organic materials continued to move in the stems of plants which contained 

both external and internal phloem are confirmed by these results. 

Further, the results of the experiments reported here show conclusively 

that mechanical injury results in a very marked decrease in the reco r ded 

translocation of 14C-assimilates within the external phloem; moY'e 

noticeable in plants ringed above than below the feeder leaf. The results 

of the experiments demonstrate conclusively that the internal and external 

phloem are physiologically separate and that the internal phloem is 

capable of translocating assimilates independently of the external phloem. 

6.2 Summary 

Translocation of 14C-assimilates within the external and internal phloem 

was investigated using feeding aphids, barkstripping, and ringbarking 

techniques. Compared with intact controls, ringbarking stems of plants 

on which colonies of the aphid were feeding, is shown to have no noticeable 

effect on the translocation of 14C-assimilates within the internal phloem; 

such treatment has a very pronounced effect on translocation in the 

external phloem. The import of assimilates by immature leQves was found 

to be dependent on the external phloem being intact and undamaged. 

Ringbarking the stem, even 9 - 10 nodes below such young leaves resulted 

in a marked reduction in the amount of 14C-assimilates reaching the[38 

leaves, one to 2 C ho rs fte ' 't· 1 f th f d 1 f 14 n ,~ u a r lnl 1Q exposure 0 e ee er ea - to L0
2

• 
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The results are interprete d as indi cating that the external and internal 

phloem are physiologically distinct fYDm one another , and as being 

capable of independent translocation of assimilates . 
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7. CONCLUSIONS 

Aphis nerii locates the internal and adaxial phloem strands of 

Gomphoca rpus physocarp us with some degre,e of precision in most instances, 

especially where penetration was confined to those areas of the stem which 

were mature or nearly mat~re, but in which growth was mostly primary. 

During the course of penetration of the internal and adaxial phloem 

strands, the external and abaxial strands were often penetrated, or 

bypassed in close proximity by the aphid's stylets, without obvious signs 

of feeding. 

A reason suggested by the configuration of the stylets and associated 

tracks for the lack of evidence of feeding on either ext ernal or abaxial 

phloem strands, was that their sieve tubes were more easily damaged by 

stylet penetration than were the internal and adaxial phloem sieve tubes, 

which would render the former non-functional. Interestingly enough, 

the external and abaxial phloem sieve elements exhibited less signs of 

protoplast damage caused by the manipUlative techniques used during 

preparation for electron microscopy than the internal and adaxial sieve 

e l ements. Callose deposition around sieve plate and sieve area pores was 

minimal in plasmolysed external and abaxial sieve elements , compared with 

examples observed in thin sections of internal and adaxial sieve elements. 

The significance of the fixation artifacts cannot be overlooked in this 

inst a nce, as viz. , callose deposition and the general lack of P-protein 

( slime) plugs , were also generally conspicuous by their absence in 

obviously-plasmolysed external and abaxial sieve elements . Internal and 

adaxial sieve elements which were eve~ mildly plasmolysed during fixation, 

exhibited partial plugging of sieve area and sieve plate pores. Indirectly 

then, the marked difference in the fixation 7.mages observed between 

external/abaxial compared with internal/adaxial phloem sieve elements is 
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a strong indicator that the former functions at a lower osmotic potential 

than the latter. Ma ny authors state that the flow rate of assimilates is 

proportional to the osmotic potential realiSed within the files of sieve 

tubes which constitutes the functiona l phloem of all plant species ( see 

Crafts and Crisp, 1971; and Conny, 1973, and literature cited therein ). 

As a consequence, the ultrast ructural examination of the primary phloem of 

Gomphocarpus yields indirect evidence supporting the hypothesis that 

the internal/adaxial phloem sieve tubes translocate more photosynthetic 

assimilate per unit time than the external/abaxial sieve tubes. 

Light and electron microscope investigation of the ontogeny a~d 

differentiation of the primary phloem revealed that even though the 

external/abaxial phloem begins to differentiate prior to the internal/ 

adaxial phloem the former matures more slowly than the latter. Between 

nodes three and four, the external and internal primary phloem sieve tubes 

are equal in number. The result of the early equalization in the numbers 

of sieve tubes per phloem strand, is that by nodes four and five ( and 

to some extent, in petioles of .leaf pairs four-five) there are more 

mature primary internal ( and primary adaxial in leaf ) sieve tubes per 

strand, compared with the primary external/abaxial phloem. 

Ringbarking and aphid feeding experiments have provided suffici8nt 

. evidence that the two phloem systems, viz. the external/abaxial and the 

internal/adaxial phloem are capable of translocating 14C-assimilates 

independently. Translocation experiments have revealed that the 

translocation profile within the internal/adaxial phloem is unaffected 

by ringbarking the stem, above or below the mature leaf exposed to 14C02 • 

If the problem posed by the preferential fe~ding habit of Aphis nerii 
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is to be elucidated, then cognisance must be taken of the following: 

Firstly, the internal/adaxial phloem is capable of unaffected 

translocation in plants which have severed external/abaxial phloem. 

l3econdly, the internal/adaxial phloem attains a more advanced stage 

of maturity earlier than the external/abaxial phloem. 

Thirdly, the longevity of the internal/adaxial phloem procambial 

cells results in strands which c~ntain proportionately more sieve 

tubes per strand at cessation of primary growth than the corresponding 

external/abaxial strands. 

Fourthly, in petioles of mature leaves; the adaxial protophloem 

metaphloem sieve tubes, apart from being both longer and wider in 

cross-section, remain functional throughout the primary stages of 

growth, whereas most of the sieve plates of the abaxial protophloem 

sieve elements are associated with massive deposits of definitive 

callose during the latter stages of primary growth, thus effectively 

reducing even further the number of functional abaxial phloem 

sieve tubes per strand. This would result in a decreased ability 

to translocate assimilates via the abaxial phloem to the external 

phloem in the stem. 

Independent translocation of assimilates by proportionately more sieve 

tubes, with a larger volume per sieve element, would, in all probability, 

result in translocation of a greaater proportion of the exported assimilate 

from the mature leaves to the stem. Hence ~his nerii preferentially 

feeds on the internal and adaxial phloem of §omphocarpus physocarpus. 



8. REFERENCES 

Adams, J.B. and F.W. Fyfe, 1970: SteriD scan views of some aphid 

mouthparts . Can. J. Zool. 48, 1033-1036. 

Auclair, J.L., 1963: Aphid feeding and nutrition. Ann. Rev. 

Entomol.~, 439-491. 

Balch, R.E., 1952: Studies on the balsam wooly aphid Ade1ges pic8a~ 

( Rat z . ) and its effects on the balsam fir, Abies 

balsamea ( L. ) Mill. Dept. Agr. Can. Pub. 867. 

94 

Botha, C.E.J., C.H. Bornman, M. Carter, and J. Heeg , 1972 : Transport 

studies on Gomphocarpus physocarpus : Observations of the 

feeding habit of Aphis nerii ( B.de F. ). Jour S. Afr. 

Bot. 38, 195-203. 

Burr, F.A., and R.F. Evert, 1973 : Some aspects of sieve-element 

structure and development in Selaginella krausiana. 

Protoplasma 78, 81-97. 

Busgen, M. , 1891: Der Honingtau. Biologische studien an Pflanzen und 

Pflanzenlausen . Z. Naturwiss. 25 -, 339-428. 

Buvat, R., 1963a: Infrastructure et differentiation des cellules 

cribl~es de Cucurbita~. Evolution du tonoplaste et 

signification du contenue cellulare final. Compt. Rend . 

Acad. Sci. ( Paris) ~, 1528-1530. 

1963b: Infrastructure et differentia~ion des cell ules 

cribl~es de Cucurbita pepo . Relations entre la membranes 

plasmique du cytoplasm . Compt. Rend. Acad. Sci. ( Paris') 

257, 221-224. 

Canny, M.J., 1973: Phloem Translocat i on. Cambridge University Press. 

301p. 

Crafts , A.S., and C.E. Crisp, 1971: PhJ_oem Transport in Plants. 

W.H. Freeman and Co., San Francisco. 481p. 



Cronshaw, J., and K. Esau, 1968: P-protein in the phloem of Cucurbita 

II. The P-protein 'of mature sieve elements. J. Cell. 

BioI. 38, 292-303. 

95 

Day, M.F., H. Irzykiewicz, and A. McKinnon, 1952: Observations on the 

feeding habit of the virus vector Orosius argentatus 

( Evans) and comparisons with certain other jassids. 

Aust. J. Sci. Res., Sere Bul. ~ 128-142. 

Davidson, J., 1923 : Biological studies of Aphjs rumicus Linn. The 

penetration of plant tissues and the source of the food 

supply of aphids. Ann. Appl. Biol. lQ, 35-54. 

Duloy, M., F.V. Mercer, and N. Rathgeber, 1961: Studies in translocation 

II, Submicroscopic anatomy of the phloem. Aust. J. BioI. 

Sci. 14, 506-518. 

Esau, K., 1938 : Ontogeny and structure of the phloem of tobacco. 

Hilgardia 11, 343-424. 

1969: The Phloem. Encyclopedia of plant anatomy, Volume 2. 

Gebruder Borntraeger, Berlin. 

_______ , and V.I. Cheadle, 1958: Wall thickening in sieve elements. 

Proc. Natl. Acad. Sci. U.S. 44, 546-553. 

Eschrich, W., 1966: Translokation 14C-Markierter assimilate in licht und 

dunkeln bei Vicia faba. Planta ( Berl.) 70, 99-124. 

Evert, R.F., L. Murmanis, and I.B. Sachs, 1966: Another view of the 

ultrastructure of Cucurbita phloem. Ann. Bot. 30, 563-585. 

____ , W. Eschrich, J.T. Medler, and F.J. Alfeiri, 1968: Observations of 

the penetration of linden branches by stylets of the aphid 

Longistigma CRrYae ( Han.). Amer . J. Bot. 55, 860-874. 

____ , and B.P. Deshpande , 1969: Electron microscope investigation of 

sieve element ontogeny and structure in Ulmus e.mericana. 

Protop lasma 68, 403-432. 



Evert, R.F., B.P. Deshpande , and S.E. Eichhorn, 1971: Lateral sieve 

area pores in woody dicotyledons. Canada J. Bot. 49, 

1509-1515. 

96 

, W, Eschrich, and S.E. Eichhorn, 1973a: P-protein distribution -----
in mature sieve elements of Cucurbita maxima. Planta ( 8erl. ) 

~, 193-210. 

. and ----, , 1973b: ------ Observations on the 

penetration of barley leaves by the aphid, Rhopalosiphum 

maidis (Fitch) Protoplasma 77, 95-110. 

Falk, H., 1969: Fusiform vesicles in plant cells. J.Cell. BioI . 

43, 167-174. 

Fader, N., and T.P. O'Brien, 1968: Plant microtechnique: Some principles 

and methods. Amer. J. Bot. 55, 123-142. 

Forbes, A.R., 1969: The stylets of the green peach aphid Myzus persicae 

(Homopteraj Aphididae) Can. Ent. 101, 31-41. 

---, and b.B. Mullick, 1970: The stylets of the balsam wooly aphid 

Adelges piceae (Homoptera: Adelgidae). Can. Ent. 102, 

1074':"1082. 

---, and J. Raine, 1973: The stylets of the six-spotted leafhopper, 

Macrosteles fasci frons ( Homoptera : Cicadellidae). Can. 

Ent. 105, 559-567. 

Fritz, E., and W. Eschrich, 1970: 14C-Microautoradiographie waterH:islicher 

Planta ( Berl.) ~, . 267-281. Substanzen im Phloem. 

Hall, S. M., D.A. Baker, and J.A. Milburn, 1971: Phloem transport of 

14C-labelled assimilates in Ricinus. Planta ( Berl. ) 

.!.QQ, 200-207. 

I 

Hanstein, J., 1864: Die Milchsaftgefaese und verwandten Organe der Rinde. 

Berlin, Wiegandt & Hempel. Cited By Esau, 1969. 

Jean, M., 1926: Essai sur l~natomie compar~e du liber int erna dans . 

quelques familIes de Dicotyledons. Etude des plaritules. 

Botaniste Ber. 11, fasc. 5-6, 225864. Cited by [sau, 1969. 



Kennedy; J.S., and T.E. Mittler, 1953: A method of obtaining phloem 

sap via tho mouth parts of aphids. Nature 171, 528 . 

97 

Kinsey, M.G. and D.L. McLean, 1967: Additional evidence that aphids 

ingest through an open stylet sheath. Ann. Entomol. Soc. 

Amer. §Qs 1263-1265. 

MacRobbie, E.A.C., 1971: Phloem translocation . Facts and mechanisms: 

a comparative survey. Biol. Rev. 46 , 429-481. 

Metcalfe, C.R., and L. Chalk, 1950: Anatomy of the Dicotyledons , Vol. II 

p. 917-925. Oxford Clarendon Press. 

Miles, P.W., D.L. McLean, and M.G. Kinsey, 1964: Evidence that two species 

of aphid ingest food through an open stylet sheath. 

Experimenta 20, 582. 

Mittler, T.E., 1957: Studies on the feeding and nutrition of Tuberolachnus 

salignus ( Gmelin ) Homoptera Aphidididae 1. The uptake 

of phloem sap. J. Exp . Biol. ~~, 334-341. 

Northcote, D.H., and F.B.P. Wooding, 1966: Development of sieve tubes 

in Acer pseudoplatanu~. Proc. Roy. Soc. ( London) B. 

]63, 524-536. 

Painter, R.H., 1928: Notes on the injury to plant cells by chinch bug 

feeding. Ann. Entomol. Soc. Amer. ~, 232-242. 

Parrish, W.B., 1967: The origin, morphology, and interpretation of aphid 

stylets ( Homoptera ) Ann. Ent. Soc. Amer. 60, 273-276. 

Reynolds, E.S., 1963: The use of lead citrate at high pH as an electron

opaque stain in electron microscopy. J. Cell. Biol. 22, 
208-212. 

Sass, J.E., 1958: Botanical Microtechnique. 3rd ed. Ames: Iowa State 
I 

College Press. 

Sheldrake, A.R., 1972: Auxin transport in secondary tissues. Jour. 

Exp. Bot. ~, 87-95. 



98 

Smith, K.M., 1926: A comparative study of the feeding methods of certain 

Hemiptera and the resulting effects upon the plant tissue, 

with special reference to the potato plant. Ann. App. 8iol. 

~, 109-139. 

Tripp. P., and P.R. Gorham, 1968: Bidirectional translocation of sugars 

in sieve tubes of squash plants. Plant Physiol. 43, 877-SEQ. 

Van Hoof, H.A., 1958: Onderzoekingen over de biologische overdracht van 

een non-persistent virus. Med. No. 161, Van Putten en 

Dortmeijer, Alkmar, Holland, 19 p. Cited by Auclair, 1963. 

Warmbrodt, R.D., and R.F. Evert, 1974: Structure and development of the 

sieve element in the stem of Lycopodium lucidulum. Amer. 

J. Bot. £1, 267-277. 

Weatherley, P.E., A.J. Peel, and G.P. Hill, 1958: The physiology of the 

sieve tube. Prelimjnary experiments using aphid mouth parts. 

Jour. Exp. Bot. .1,Q, 1-16. 

and R.C.P. Johnson, 1968: The form and function of the sieve 

tubes: A problem in reconciliation. Int. Rev. Cytol. 24, 

149-192. 

Webb, J.A., and P.R. Gorham, 1964: Translocation of photosynthetically 

assimilated 14C in strait-necked squash. Plant Physiol. 

~, 663-672. 

Wooding, F.B.P., and D.H. Northcote, 1965: Association of the endoplasmic 

reticulum and the plastids in Acer and Pinus. Amer. J. Bot. 

52, 526-531 • 

Zimmermann, M.H., 1961: Movement of organic substances in trees. Science 

133, 73-79. 

1963: 

132-142. 

How sap moves in trees. Scientific American ~08 
--' 



99 

9. ACKNOWLEDGEMENTS 

I am grateful to Professor Ray F. Evert, of the Department of Botany, 

University of Wisconsin-Madison U.S.A. , for his unfailing enthusiasm, 

encouragement a~d advice given during the course of this investigation, 

and for his constructive criticism of the research, which was a constant 

guiding force. I wish to express my sincere thanks to Mr. Danny Walmsley, 

National Institute for Water Research, for the many hours given to 

di scussion and criticism of the research , and for his generous technical 

assistance over the last three years. My sincere thanks to Mrs . Mary 

Carter, late of the Department of Botany, for cheerful and willing help 

with the operation of the scanning electron microscope. Mrs. Margaret 

G. Gilliland, Mr. Vijay Bandu and Mr. Phil Evers, Electron Microscope Unit., 

University of Natal, to whom I am indebted for their cheerful and always 

enthusiastic assistance in the preparation of transmission electron 

microscope specimens, and for photographic assistance. Dr. Charles M. 

Breen and Dr. A.R.A. Noel of the Department of Botany, University of Natal, 

are acknowledged for advice and discussion of sections of the thesis. My 

sincere thanks to my wife, Vivien for encouragement, discussion and critici~ 

of the manuscript , and for help in proof reading the final draft of the 

thesis. In this connection, I wish to thank Miss. Valerie Butler, 

Department of Botany, University of Natal, Pietermaritzburg, for comments 

on the structural organization and presentation of the material. c· olncere 

thanks are due to my supervisor, Professor Chris H. Bornman, Department 

of Botany, University of Natal, Pietermaritzburg, for the generous 

financial aid awarded, the technical assistance which he made 6\/ailable to 

me, and for the use of Departmental facilities, during the course of this 

research project without which much of the work could not have been 

accomplished. Finally, thank you to Mrs . Jenny Granger for typing this 

manuscript. 


	Botha_Christiaan_E_J_1974.front.p001
	Botha_Christiaan_E_J_1974.front.p002
	Botha_Christiaan_E_J_1974.front.p003
	Botha_Christiaan_E_J_1974.front.p004
	Botha_Christiaan_E_J_1974.front.p005
	Botha_Christiaan_E_J_1974.front.p006
	Botha_Christiaan_E_J_1974.p001
	Botha_Christiaan_E_J_1974.p002
	Botha_Christiaan_E_J_1974.p003
	Botha_Christiaan_E_J_1974.p004
	Botha_Christiaan_E_J_1974.p005
	Botha_Christiaan_E_J_1974.p006
	Botha_Christiaan_E_J_1974.p007
	Botha_Christiaan_E_J_1974.p008
	Botha_Christiaan_E_J_1974.p009
	Botha_Christiaan_E_J_1974.p010
	Botha_Christiaan_E_J_1974.p011
	Botha_Christiaan_E_J_1974.p012
	Botha_Christiaan_E_J_1974.p013
	Botha_Christiaan_E_J_1974.p014
	Botha_Christiaan_E_J_1974.p015
	Botha_Christiaan_E_J_1974.p016
	Botha_Christiaan_E_J_1974.p017
	Botha_Christiaan_E_J_1974.p018
	Botha_Christiaan_E_J_1974.p019
	Botha_Christiaan_E_J_1974.p020
	Botha_Christiaan_E_J_1974.p021
	Botha_Christiaan_E_J_1974.p022
	Botha_Christiaan_E_J_1974.p023
	Botha_Christiaan_E_J_1974.p024
	Botha_Christiaan_E_J_1974.p025
	Botha_Christiaan_E_J_1974.p026
	Botha_Christiaan_E_J_1974.p027
	Botha_Christiaan_E_J_1974.p028
	Botha_Christiaan_E_J_1974.p029
	Botha_Christiaan_E_J_1974.p030
	Botha_Christiaan_E_J_1974.p031
	Botha_Christiaan_E_J_1974.p032
	Botha_Christiaan_E_J_1974.p033
	Botha_Christiaan_E_J_1974.p034
	Botha_Christiaan_E_J_1974.p035
	Botha_Christiaan_E_J_1974.p036
	Botha_Christiaan_E_J_1974.p037
	Botha_Christiaan_E_J_1974.p038
	Botha_Christiaan_E_J_1974.p039
	Botha_Christiaan_E_J_1974.p040
	Botha_Christiaan_E_J_1974.p041
	Botha_Christiaan_E_J_1974.p042
	Botha_Christiaan_E_J_1974.p043
	Botha_Christiaan_E_J_1974.p044
	Botha_Christiaan_E_J_1974.p045
	Botha_Christiaan_E_J_1974.p046
	Botha_Christiaan_E_J_1974.p047
	Botha_Christiaan_E_J_1974.p048
	Botha_Christiaan_E_J_1974.p049
	Botha_Christiaan_E_J_1974.p050
	Botha_Christiaan_E_J_1974.p051
	Botha_Christiaan_E_J_1974.p052
	Botha_Christiaan_E_J_1974.p053
	Botha_Christiaan_E_J_1974.p054
	Botha_Christiaan_E_J_1974.p055
	Botha_Christiaan_E_J_1974.p056
	Botha_Christiaan_E_J_1974.p057
	Botha_Christiaan_E_J_1974.p058
	Botha_Christiaan_E_J_1974.p059
	Botha_Christiaan_E_J_1974.p060
	Botha_Christiaan_E_J_1974.p061
	Botha_Christiaan_E_J_1974.p062
	Botha_Christiaan_E_J_1974.p063
	Botha_Christiaan_E_J_1974.p064
	Botha_Christiaan_E_J_1974.p065
	Botha_Christiaan_E_J_1974.p066
	Botha_Christiaan_E_J_1974.p067
	Botha_Christiaan_E_J_1974.p068
	Botha_Christiaan_E_J_1974.p069
	Botha_Christiaan_E_J_1974.p070
	Botha_Christiaan_E_J_1974.p071
	Botha_Christiaan_E_J_1974.p072
	Botha_Christiaan_E_J_1974.p073
	Botha_Christiaan_E_J_1974.p074
	Botha_Christiaan_E_J_1974.p075
	Botha_Christiaan_E_J_1974.p076
	Botha_Christiaan_E_J_1974.p077
	Botha_Christiaan_E_J_1974.p078
	Botha_Christiaan_E_J_1974.p079
	Botha_Christiaan_E_J_1974.p080
	Botha_Christiaan_E_J_1974.p081
	Botha_Christiaan_E_J_1974.p082
	Botha_Christiaan_E_J_1974.p083
	Botha_Christiaan_E_J_1974.p084
	Botha_Christiaan_E_J_1974.p085
	Botha_Christiaan_E_J_1974.p086
	Botha_Christiaan_E_J_1974.p087
	Botha_Christiaan_E_J_1974.p088
	Botha_Christiaan_E_J_1974.p089
	Botha_Christiaan_E_J_1974.p090
	Botha_Christiaan_E_J_1974.p091
	Botha_Christiaan_E_J_1974.p092
	Botha_Christiaan_E_J_1974.p093
	Botha_Christiaan_E_J_1974.p094
	Botha_Christiaan_E_J_1974.p095
	Botha_Christiaan_E_J_1974.p096
	Botha_Christiaan_E_J_1974.p097
	Botha_Christiaan_E_J_1974.p098
	Botha_Christiaan_E_J_1974.p099
	Botha_Christiaan_E_J_1974.p100
	Botha_Christiaan_E_J_1974.p101
	Botha_Christiaan_E_J_1974.p102
	Botha_Christiaan_E_J_1974.p103
	Botha_Christiaan_E_J_1974.p104
	Botha_Christiaan_E_J_1974.p105
	Botha_Christiaan_E_J_1974.p106
	Botha_Christiaan_E_J_1974.p107
	Botha_Christiaan_E_J_1974.p108
	Botha_Christiaan_E_J_1974.p109
	Botha_Christiaan_E_J_1974.p110
	Botha_Christiaan_E_J_1974.p111
	Botha_Christiaan_E_J_1974.p112
	Botha_Christiaan_E_J_1974.p113
	Botha_Christiaan_E_J_1974.p114
	Botha_Christiaan_E_J_1974.p115
	Botha_Christiaan_E_J_1974.p116
	Botha_Christiaan_E_J_1974.p117
	Botha_Christiaan_E_J_1974.p118
	Botha_Christiaan_E_J_1974.p119
	Botha_Christiaan_E_J_1974.p120
	Botha_Christiaan_E_J_1974.p121
	Botha_Christiaan_E_J_1974.p122
	Botha_Christiaan_E_J_1974.p123
	Botha_Christiaan_E_J_1974.p124
	Botha_Christiaan_E_J_1974.p125
	Botha_Christiaan_E_J_1974.p126
	Botha_Christiaan_E_J_1974.p127
	Botha_Christiaan_E_J_1974.p128

