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ABSTRACT

Penetration of the stems and leaves of Gomphocarpus 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 phlaem tissues partly intercellular and in part intra-
cellular. 0f 75 pairs of stylet tips encountered in presumably
functional sieve tubes 73 were locdged 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 functiocnal
throughout the primary stages of growth, whereas the correspcnding
abaxial phloem sieve plates 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. Th2 results are
interpreted as indicating thrat a greater proportion of assimilates is
translocated in the internal and adaxial phloem sieve tubes than in
the external and abaxial sieve tuhes. It is concluded that this
governs A. nerii's preference for the internal and adaxial phloem

as a prime feeding site.
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g INTRODUCTION

Plants containing internal phloem are not common amongst the
Dicotyledons. Metcalfe and Chalk { 1950 ) list 13 familes in which
internal phloem occurs commonly, amongst which are the Asclepiadaceae.
Internal phloem occurs infrequently 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 phlocem only. It is easier to work with such plants,

as damaging manipulative techniques are kept to a minimum.

Autoradiographic technigues have long been used in an effort to reduce

the damage caused by manipulation of the plants duiring translocation
experiments. With few exceptions, such investigations have been confined
to plant species lacking internal phloem or bicollateral bundles. Webb
and Gorham ( 1964 ) using tissue autoradicgraphic technigues, damonstrated
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 melepepo. Later, Tripp and

Gorham ( 1968 ) suggested that bidirectional transport of tritiated
glucose and 140 assimilate took place in the phloem of {. melopepao.
Their autoradiographic results further suggested that under the experi-
mental conditions, the internal phloem carried no radicactive assimilate.
In other woras, under the experimental conditions, the results of Webb

and Gorham ( 1964 ) and Tripp and Gorham ( 1968 ) would seem to



indicate that the externsl and internal phlcem in stems and the

adaxial and abaxial phloem in petioles of C. 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 Eschrich, 1970 ). More recently, Sheldrake

( 1972 ), using liquid Scintillation technigues, demonstrated that

polar transport of auxin was confined mainly to the internal phlcem 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 and Mittler { 1953 ) to study the nutrition of

Tuberclachnus salignus ( Gmelin ). Weatherley,Peel and Hill ( 1958 )
applied this technique to study the sieve tube physiology of Salix
viminalis, Subseguently, 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 aphicds

( 5,0 to 3,0 pym and less ) are likely to cause less substantial damage
to the sieve tubes than other known techriques. However, all investi-
gations have been confined to plant species with external phlnem orily.
Many of the aphid species used were large, and could conseqguently
damage the sieve tubes after prolonged periods of feeding ( Evert et al.,

\

1968, and the literature cited thersin ).

If meaningful results were to be obtained from a study of the trans—



location of assimilates in the phloem of a plant which contained both
external and internal phloem, aphid feeding axperimehts would have to

be incorporated in the experimental procedures. The use of live, feed-
ing aphids was thought to be preferable to severed stylets, as the 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 plart with external and internal phloem, which
was the host of a sQitable small gphid. 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 Asclepladaceas, 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 ebout 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.
0f great interest was the fact thet the stylet track had passed through

an external phloem bundle. Further investigation revealed a similar
pattern of penetration. In other words, it appeared that the aphid fed
preferentially on the internal phloem. Did the aphid feed on the internal
phloem by chance or by choice? If by choice, then what factors infiuenced
its choice? As far as could be ascertained, no other ohservatinns of
preferential feeding by aphids on internal phloem of bicollateral bundles

had been recordesd., The

=

iterature revealed one very important and well-

documented point, which seems to have been overlooked by investigetors of



phloem translocation., Hanstein ( 1854 ) recognised internal phloem in
the Apocynaceae, Solanaceae, Cichoreae and the Asclepisdaceae. Moreover,
Hanstein conducted ringbarking experiments which revealed that the
organic materials continued to move through the ringed portion of the
stem, These early observaticns can give no indication if, on reaching
the ring, the organic materials hypass it via the internal phloem.
Equally important, Hanstein's observations do not vield information on
the fate of the organic material in the external phloem above the ringed
portion of the stem, and also whether the internal phlcem is damaged in
any way due to ringing. To date, the answers to these guestions remailn

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 distarice 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 Gomphorcarpus physocarpus, and secondly to determine the

anatomical, ultrastructural, and physiological factors which influenced
the choice of feeding site of Aphis 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,



2 MATERIALS AND METHODE

2.1 Light and Electron Microscopy

Suitable stem segments, apicies and leaves of varying morphological age

were excised from vigorous Gomphocarpus physocarpus [ E. NMey ) 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 6% gluteraldehyde in cacodylate buffer, pH 7,0.

Fixation and further processing was according to the method of Evert

st &l { 1973 ) .

The stem segments which were placed in FAA were fixed under leow vacuum
and dehydrated in an alcohol series and embedded in paraffin wex, to
which 20% ( w/w ) of ceresin bad been added. Sections were cut at

=

4 — 3 pm, The sections were variously stained in either safranin-fast
green ( Sess, 1958 ), or in periodic acid-schiff ( PAS ) and counter-

stained with toluidine blue, gH 4,5 ( Feder and Q'Brien, 1963 ).

The gluteraldehyde-fixed stem and leaf segments were embedded in Epron-—
Araldite. Sections were cut on an LKB Ultrome II at 0,25 - 0,5 pm
and stained in PAS- toluidine blue. Selected sections were photographed

under phase and transmitted light.
For electron microscopy, ultrathin sections were poststained in uranyl
acetate and lead citrate prior to viewing with a Hitachi HIJ-11E electron

microscope ( Reynolds, 1963 ).

2.2 Light Microscopy of Stylet Penetratigg

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

G. physocarpus plants ranging in age from six to twenty weeks and older.
Flants with suitably established aphid colonies were selected faor light
microscope investigation of stylet penetration . The aphids were
killed iﬂ §EEH,bY expusing them to lOG% acrolein vapour, Leaves and

stem segments to which aphids remained attached, were immediately



transferrad to FAA and were fixed under low vacuum for 24 hours, after
which the tissue was diced into smaller more manageakle pieces, and
dehydrated through an alcohol series. Embedment procedure was as
described in 2.1 above. Sections 12 pm thick were variously stained.
Safranin-fast green proved to be {he most suitable staining combination.
With this stain combinatiomn the stylets stained a golden brown
colour and the salivary sheath a dark red. Selected sectibns were

photographed under phase and transmitted light.

e : 4
2.3 Preparation of Stock : Carbaonate and Genereticn of : COo

I

5,0 mg of Baldco3 ( Radiochemical Centre, Amersham ), specific activity
61,1 mCi/mM, was blended with 5,0 g of BaCDaé The activity of the
resulting mixture was approximately 6,47 x 10~ dpm/mg. 10,0 mg of the
stock carbonate was added to 2,0 ml test-tubes, which were positioned

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?b'[]4 was
carefully added to the test-tube, in such a way that the acid rzn down
the wall of the tube. Before the acid reached the carbon source, the
mouth of the tube was sealed orto the abaxial leaf surface with strips

of masking tape.

At termination of the experiments, 1,0 ml of 100% ethanol was added to
scintillation vials, to which was added the plant material, or in the
case of the aphid feeding experiments, the segments of cellecphane disc.
After cold extraction for a period of from 0,5 to 4,0 h, 15 ml of
scintillation fluid was added and the amount of 148 present in eac

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 Colenies

Colonies of the aphid A. nerii were established on 20-week-o0ld

Gomphocsrous plants, usualiy four to seven days before the plants were

used experimentally., The technigue used to collect honeydew was

essentially similar to that of Eschrich ( 1966 ) with the exception



that the radioactive honeydew was collected on a cellophane disc,
which was placed on the face of a clinostat. At termination, the
cellephane discs were cut into their respective hr segments, placed in

scintillation vials and treated as described in 2.3 above.

2.5 Determination of ldC~Aasimilath}n the Bark and Pith: Bark-—

stripping technigue

A 10 cm portion of the stem of selected plants was marked into 1 cm
sections with India ink, 5 cm above and below the mature leaf which was

to be exposed to 1400 At termination, the stems were rapidly

o
debladed and cut into their respective 1 cm segments.

The bark, consisting of epidermis, cortex, primary phloem filbres,
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 vials and

treated and assayed for radioactivity as described previously.

2.6 Import/Export Relaticnships in Young and Mature Leaves

In order to facilitate easy identification of individual leaves arter
they were removed from the stems of experimental plants, all less mature
14

leaves to the right of the mature leaf exposed to 002 ( 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

14

signs of wilting during this time were disoafded. Exposure to Co was

as previously described. At termination, the apical meristem and iirst
pair of leaves were removed and placed in a scintillation vial. Leaf
pairs two to six were placed seperately in scintillation vials, dissected
into smalier pieces and cold extracted for a period of 4 h prior to

assay of radiocactivity.



D PENETRATION OF EXTERNAL AND INTERNAL PHLOEM BY GSTYLETS

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 prima»y tissues. As seen in Figs. 1-4, the six week old stem

consists of a uniseriate epidermis, a cortical region of 1-3 layzrs of
partly differentiated collenchyma cells and several layers of parenchyma,

a ring of primary vascular bundles of varying age associlated with relativaly
narrow parenchymatous interfasicular regions, and a pith. 1n the stem

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 companicn cells, ocour
in more or less distinct groups, the number of groups per vascular bundle
being directly proportional to the size of the bundle. The external
phloem bundles -contain 2 - 10 sieve tubes. The internal generally
contain more sieve tubes ( range 1 - 20 or more ) than the external
bundles., Articulate laticifers occur throughout the stems, but are

assoclated malnly with the external and internal phloem.

The larger vascular bundles of the leaf are bicollateral i.e. they contain
both adaxial and abaxial phleem { Figs. 15 and 16 ). The bundle of the

petiole and midrib exhibits a limited amount of secondary growth through



R s sanesie MR A 7
Y ‘ A . v A >3 e ¥ . T . -Lf / i~ - ‘v¥
SRR T Jor ol

o [fF F
it \

l\‘ fc A \ o .~ ¥




Figs. 1-4.

Transections of six week old stem tissue, showing
several attempts at phloem probes . Fig. 1. Shows
penetration of a stylet group through the uniseriate
epidermis and underlying partly differentiated
collenchyma, Penetration is predominantly intercellular,
except for the lower, partly differentiated collenchyma
cell which has been penetrated intracellularly and
contains salivary material . LAB = labium, MAN =
mandibular stylets, WMAX = maxillary stylets, COL =
collenchyma, I = intercellular penetration, W =
intracellular penetration . Scale line represents

6 pm.

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, & = stylet sheath. Scale line
represents 60 pm.,

Fig. 3. Shows a branched stylet sheath terminating in
the internal phloem. The stylets are lodged within the
pith ( unlabelled arrow ] . Scale line represents 80 pm.
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 exterral sieve
tubes. PFI = immature primary phloem fibres, EP =
external phloem, PX = protoxylem, PA = parenchyma,
unlabelled arrow = stylet group. Scale line represents

40 pm,
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activity of a vascular cambium located between the xylem and the abaxial
phloem. Differentiation of the adaxial phloem lags behind that of the

abaxial.

3.1.2 Penetration of the Stem

Information on the manner of penetration of the stem was cbtained
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 associlated with feeding aphids identified

as such by the presence of the stylet tips within epparently functional

sieve tubes ( Evert et al., 1968 ).

As with most relatively small aphids { see literature cited in Auclair, 196
Evert et al., 1968 ), penetration of the stem by A, 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 tissues and pith ( Figs. 2-4 ). Only occasionally were
cortical cells punctured by the apnid's stylets. 0One 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
freguency 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.



This resulted in a branched stvlet track, no branch of which terminatad
in the phloem. Although the much branched 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. 2 and 4 ).

Stylet tracks terminating at the external ohloem were more frequent in
older than younger stems. Although largely intercellular, intracellular
penetration of phlcem cells of the external bundles wgs 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 stems, only
two pairs of stylet tips were encountered in sieve elements of the
external priloeem, 1In a few cases, stylet—containing sheaths ran more or
less directly to the external phloem and ended at sieve tubes ( Figs. ?
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 éonsideration, the

overwhelming majority of the stylet tips occurred in the sieve tubes of

the internal phloem.

3.1.3 Penetration of the Internal Phloem

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

the xylem was mostly intercéllular ( Fig. 9 ). Figures 9 and 10 show

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

bundle. The stylets are clearly visibie within the sheath,  which






Figs. 5 - 8.

Transections showing penetration of external phloem.

Fig. 5. Shows a stylet track passing both intercellularly
and intracellularly, throcugh the external phloem of a ycung
stem, Passage of the stylets through the cambial zone was
predominantly intercellular, and through the primary xylem
as well. S = sieve element, DP = dividing external phloem

procambial cell, CZ = cambial zone, I = intercellular

1

penetration, W = intracellular penetration, IP = internal
phloem. Scale line represents 20 pm.

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 = external
phloem, MX = metaxylem vessel. GScale line represents 20 pm.
Fig. 7. Phase contrast photomicrograph showing penetration
by stylets of an external phlocem bundle. Note that the
stylet tips are obscured, presumably by sheatt. material.

LAT = laticifer, W = intracellular penetration, S = sieve
tube, wunlabelled arrow = punctured sieve tube. Scale line
represents 20 pm.

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 penetratior
unlabelled arrow = punctured sieve tube . Scale line

represents 10 um,
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terminates at the wall of the punctured sieve tube. Passage of the
stylet tips through the sieve element wall can be seen in Fig. 10.

The tipe of the maxillary stylets entered the sieve tube helow the
sieve plate shown here, and are thus not visible. Whether aphids
ingest food through an open or closed sheath has long been of concern
to a number of investigators [ Miless et al., 1964, Kinsey and MclLean,

1967 ). These results 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, iigure 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 have 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 fube and are still close together,
Passage of the stylets 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.






Figs. 9-14.

Transections showing stylet penetration of internal phlcem.
Figs. 9-10. Phas2 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 apparent that the aphid fed sequentially on the smaller
sieve tubes, which were subsequently obliterated by sheath
material, prior te the penetration of the large metaphloem
sieve tube. W = intracellular penetration, PX = protoxylem,
LAT = laticifer, SP = sieve plate, 5 = sieve tube, GScale
lines represent 40 and 15 pm respectively,

Fig. 11, TIllustrates direct penetration of the internal
phloem. A metaphloem sieve tube has been punctured by
stylets ( unlabelled arrow ). Note that the external phloem
( above ) was penetrated intracellularly. I = intercellular
penetration, W = intracellular penetration, EP = external
phloem, unlabelled arrow = stylet tips within sieve tube,
Scale line represents 25 pm,

Fig. 12. At higher magnification, the maxillary stylet

tips can be seen to project beyond the salivary sheath and
the wall of the sieve tuke. The stylets are. separated, and
apparently free of any muscilagincus deposits. The punct-
ured sieve tube appears uninjured. 0S = occluded sieve
tube, C = companion cell, PP = phloem parenchyma,

unlabelled arrow = maxillary stylet tipes within the sieve
tube. Scale line represents 7 um.

Fig. 13. Phase contrast photomicrograph showing predomin-—
antly intracellular penetration of the phloem parenchyma
bordering internal phloem bundle. WNote 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 moctly intra-
cellular; and that the tips of the stylets are again free of
muscilagincus deposits or salivary material. Details as

per Fig. 12. Scale line represents 7 pm.



3.1.4 Penetration of Leaves

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

leaves or more specifically, of the peticles of mature leaves,

The probes in leaves were freguently 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 tupe 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 o7 the extreme

flexibility of the styletis.

Unbranched tracks freguently bypassed the abaxial phloem, traversed the
xylem, and terminated in the adaxial phloem ( Figs. 16 and 17 ). Although
penefration of the xylem was largely intercellular, occasional tracheary
elements were occluded with sheath material ( e.g. the third tracheary

element from the bottom in Fig. 17 ).

Only three pairs of stylet tips were observed within sieve tuhes 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 cther
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 tine 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,






Figs. 15 - 19.

17

Transections showing penetration of phloem of petiocles

of mature leaves.

Fig. 15. Shows two stylet tracks originating on abaxial
surface of petiocle. The stylets traversed the abaxial
phloem in search of a suitable feeding site, Both end

in the xylem. The laticifer on right, above the xylem
was completaly circumscribed during one of the prokes.
Unlabelled arrow = adaxial phloem bundle. Scale line
represents 30 um.

Figs. 16 — 17. Show passage of stylet track through
abaxial phlcoem and xylem . Note tracheary element
obliterated by salivary material. I = intercellular
penetration, W = intracellular penetration, unlabelled
arrow = adaxial phloem probe. Scale lines represent 35
and 15 pm respectively.

Figs. 18 - 19. ©Show passage of stylets through xylem and
termination in adaxial phloem. During this probe, the
apnid completely missed the adjacent adaxial phloem
bundle on right. The stylet tips are about even with end
of sheath, which cerminetes at wall of sieve tube. At
higher magnification ( Fig. 19 ) the stylets are clearly
visible within the sheath. AD = adaxial phloem, g =
sieve tube, PX = protoxylem, unlabelled arrow = probed
adaxial sieve tube. Scale lines represent 20 and 10 um

respectively.
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Balch 1952, Day et al., 1952, Evert et al., 1968 ). Although A. perii
feeds preferentially on the internal phloem of the stem and, apparently
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 frequent 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 freguency 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 penetration; 8 by both intercellular 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 { Bilisgen, 1891 ); that the cell walls may offer support to
_the stylets ( Davidson, 1923 ); that smaller aphids are unable to
penetrate the tissue by pressure alone and that their saliva is not strong
enough to enable them to take a straight course to their objective. With

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

for examole, Lachnus pinicola ( K1tb. ), ( Blsgen, 1891 ), Macrosiphum

solanifolia ( Ashmead ) ( Smith, 1526 )35 Tuberolachnus salignus ( Gmelin ),

( mittler, 1957 ); Longistigma caryae ( Haer, ], ( Zimmerman, 1961, 19632

Evert et al., 1968 ] have been reported to penetrate hest tissues either

mainly intracellularly, or both intracellularly and intercellularly.



A. 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, thenit is logical that A. nerii would tend to penetrate in a

predominantly intercelluler manner.

Miles et al., ( 1964 ), reported that during ingestion of phloem sap, the

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
et al., ( 1968 ) demonstrated that the maxillary stylet tips of L. 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 A, nerii in most cases project beyond the salivary
sheath and are onen 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 substance 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 penetraticr

by the aphid's stylets than are the internal sieve tubes, rendering the
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former norn-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 evidence of penetration of the external

phloem siesve tubes.

A further possibility is that greater guantities of assimilates are trans-

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 gphids more often bypass the external phloem than penetrate it

3.2 Morphology of A. nerii and its Stylets

Aphids ( Homoptera, Aphididae ) are well adapted to exploit their host
plants, 0One of the first approaches to a plant is made by the special-
ized mouthparts, consisting of an attenuated labial prokoscis ( Figs. 20,
21 and 23 ) from which the piercing stylets ( Fig. 22 ) are extruded.
Figure 21 reveals that the proboscis of A, 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 tissues.

In Figures 20 and 21, the attenuafed labial proboscis is shown closely
appressed to the ventral surface D% the aphid. The stylets, mandibular
and maxillae, are not usually visible in non feeding aphids, but are
withdrawn within the proboscis, where they lie within the labial groove.
The labial groove is situated anteriorly in the proboscis ( Figs. 21 and 23
The distal tip of the proboscils 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 scme extent

by the muscular collar, from which the sensory bristles protrude.






Figs. 20-23.

Scanning electron micrographs of aspects of the morpholiogy

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 retractec
and lie within the labium. The distal part of the labium thra
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 1s 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 um respectively.
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Tuberolachnus salignus ( Adams and Fyfe, 1970 ), Myzus persicae ( Van

Hoof, 1958; Forbes, 1969; Adams and Fyfe, 1970 ), Adelges piceae

( Forbes and Mullick, 1970 ). Macrosteles fascifrons ( Forbes and Raine,

1973 ), Macrosiphum eushorbise ( Adams and Fyfe, 1970 ) and Rhopalasiphum

maidis ( Parrish, 1967; fvert et al., 1973b ) have been investigated

using light, transmission.and electron microscopy.

The stylets of A. nerii are 3,0 to 3,8 pm in diamneter for most of their
expased length. Towards the tips, the stylets taper gradually; the max—
illae being about 0,03 pm 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 A, nerii ( Botha et al., 1972 ) indicated that the mandib-
ular étylets 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 A. nerii extend
for at least the distel 60 - 70 pm of the stylets. However, as in
M. persicae, these ridges extend from 0,03 to 0,1 pm from the body of the
stylets., These ridges were freqqently observed during the anatomical
investigation of stylet penetration of . physocarpus phloem. Each of
the mandibular stylets possesses a horn-1ike projection, about 2,5 to

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

The maxillary stylets are interlocked except for the distal 2,5 to 4 um
( Figs. 24, 25 and 26 ), and possess a series of tooth-like projections
( large arrows, Figs. 26 and 28 ), the first about 3.5 um from the tip,

the second 0,6 pm from the first, and the third, about 0,6 um from the






Figs. 24-28.

Scanning 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 pm 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
maxillary stylets ( Figs. 24-27 ) possess a series of
tooth-1like 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

23

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 pm.
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second. Both the barb-like ridges and tuooth-like projections are

assumed to play a 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 carinot be covered by the mandibular stylets, in other words, one set
of projections is located on the anterior 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 ). DOverlapping was observed in most of the
stylets which had 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, perhaps 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. 0Of 75 pairs of stylet tips encountered in presumahly functional

sieve tubes, 73 were lodged in sieve tubes of the internal and adaxial
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phlogem. This confirms chservations of a preliminary study which
indicated that A. nerii feeds preferentially on sieve tubes of the

internal phloem,

The stylets of A. perii are 3,0 to 3,8 pm in diameter for most of their
exposed length, tapering gradually toward the tips of the maxillae which
measure 0,03 pm 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.
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4, LIGHT MICROSCOPE INVESTIGATION 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

bundles and pith ( Fig. 34 ). Each vascular bundle is eventually capped

by primary phloem fikreés ( Figs. 36 and 37 ). . External and internal
strands of phleoem 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
numper of strands per vascular bundle is directly proportional to the

size of the bundle,

As the stem ages a vascular cambium arises hetween 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 External Phleem

Figs. 29 and 30 show transverse and longitudinal views of external 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 beer



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 that the sieve elements of the external
phloem strands are both longsr and wider than those of the internal
strands. Conversely, the walls of the external sieve elements are
generally narrower than those 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

MEASUURED PARAMETERS OF THE EXTERNAL AND INTERNAL F’HLEIEMl

EXTERNAL2 INTERNA!_'3
Mean length, pm 253 200
Diam, Sieve Plate, pm 15,1 14,6
Cross—sectional Area of
Sieve Plate, um2 179,2 167,0
Perimeter of Sieve Plate, pm 47,5 45,6
Volume, Sieve Tube Member, pl 4,5dx10_5 3,33x10—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.

N
(s}

Transecticns { Figs. 29 and 31 ) and longisections

( Figs. 20 and 32 ) of primary external and internal bundles.
Fig. 29. Transection of mature external phloem bundle. The
cambial zone below has not yet become active in the product-
ion of sgcondary phloem o1 secondary xylem. SP = sheath
parenchyma, C = companion cell, § = sieve tube,

CZ = cambial zone. Scale line represents 15 pm.

Fig. 30. Phase contrast photomicrograph of longitudinal
section through tark, 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 nacrecus
thickening on lateral walls of sieve elements.

MX = metaxylem, SE = sieve element, 5P = sieve plata.
Scale line represents 30 pm.

Fig. 31. Transection of an internal phloem bundle. Compare
widths of sieve elements in this bundle with those of the
external phloem bundle of Fig. 29. C = companion ecgll,

S = sieve tube, A = procambial cell, &P = sheath
parenchyma. Scale line represents 30 pm.

Fig. 32. Phase contrest photomicrograph of a longitudiral
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. Huch
of the phloem is immature. The file of stubby parenchyma

cells are undergoing crystal formation. PX

protoxylem,
5p
CcP crystal-containing parenchyma. Scale line represents
48 um.,

sieve plate, IP = internal phloem, § = sieve tube,



Protophloem
External Phioem
Internal Phioem
Xylem

Primary Phioem Fibres




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, leafl gaps and axillary buds.

N
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4.1.3 The Internal Phloem

Figs. 31 and 32 are trarsverse and longitudinal views, respectively, of
internal phloem strands. As montioned, the sieve elements of the internal
phloem strands are narrow, shorter and more numerous than those of the
external strands. The narraw size and greater numbers of sieve elements
of the internal strands is quite ohvious when the representative internal

strands of Figs. 31 and 32 are compared with the respective axternal

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 duration of meristematic activity

within each strand. The same two factors are operative in Gomphocarpus,

the precursors ( procambial 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 Gomphocarpus is largely confired to

periclinal divisions resulting in centripetal production of derivatives.
In contrast, the phloem mother cells of the internal phloem strands in

Gomphocarpus divides mostly radially. As a consequence, the internal

strands become wider tangentially than radially.

Cell division in the earliest phloem strands is of short duration. As a
result of prolonged meristemstic activity, the latter-formed strands may
attain considerably size. The internal phloem bundles in Gomphocarpus

may b2 arbitarily divided into three cize classes:

Class A - 20 or more cieve tubes per sirand
Cless B -~ 10-15 sieve tubes per strand, and
Class C - 1-9 sieve tubes per strand.

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

strands and class A, the last-Tormed ( youngest ) strands.



S0}

Sy ‘ 5 > '
< R i | A .s' ] L Nl B s

\ |
£ bl A
B SR B Ll

3 \‘. \ ‘ 4 ‘-" | ‘/L{I:" o .
- p L

/

CLo\®
‘.\ .0.'0 6%"

g .
RAFET '?'.,““" 4
hs Q‘ﬁ%‘"’ b At ’

"~

‘ -
28, o

af
»
R




Figs. 34-37.

Transections 60 ym below the shcot apex ( Figs. 34 and 35 };
between nodes 4-5 ( Fig. 36 ); and in the region of mature
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 yoﬁng stem, which has a
uniseriate epidermis, a cortical region of 1-3 layers of
partly differentiated collenchyma cells, and several layers
of parenchyma. The pith is parenchymatous. Laticifer develor
—-ment has as yet not taken place. At this level vascular
differentiation is limited to single protophloem sieve tubes
of the external phioem. At higher magnification ( Fig. 35 )
the external protophloem strands can be seen to be associated
with immature primary phloem fibres. Neither the xylem noxr
internal phloem is visible in Fig. 35.

Unlabelled arrows = external protophloem, PFI = primary
phloem fibres. Scale line represents 80 and 65 pm

respectively.

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

fibres are clearly discernible. Parenchymatous elements

occupy the region between the fibres and the metaphlsem.
Meristematic activity within the external primary phloem has

resulted in an increase in the number of sieve tubss and

-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 tcok 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, IF = inter
primary phloem, Scale line represents 60 pm.

Fig. 37. The metaphloem of the external strands is mature,
The cambial zone as in Fig. 36, is well-formed, but apparenti
has formed no secondary phloem. Continued meristematic
actiVity of the internal phloem strands has resulted in the
lateral expansion of the strands, and rapid increase in the
number of sieve tubes and companion cells per strand, ¢ate
laticifers associated with external and internasl strands.
LAT = lauicifer, FX = protoxylem. GScale lire rcpress&t5
60 pm.,
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4,2 Arrangement and Gpatial Relaticnship of External and Internal

Phloem in Nadal Pecicn=

Serial longitudinal sections of the nodal regions of numerous shoots of
differing morphological ages were examined in order to determine whether
the external phloem and the internal phicem were interconnected in the
nodal regions, or whether they constituted sepzrate 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 interral phloem, tcgether with their associlated
articulate laticifers diverge from the stem to the petiolar trace, where
they are continucus with similar tissues on the adaxial side of the

petiole.

Examination of serial sections revealed that whereas the main portion

of the external phloem diverged into the petiole, before doing so
branches from it bypassed the internal pnloem acutely and continued on
up the stem, portions of them Teeding the axillary buds along the way,
The leaf traces were found to b2 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

laticifers and parenchymatous elements, effectively bridging the otherwise

hollow—centered stem.

4.3 Ontogeny of the Primary Phlosm

4.3.1 The Internal and External Phloem

Serial transverse and longitudinal sections of the apical portion of stems

of G. Ehysocarpgg were studied in order to elucidate the ontogeny of the






Figs. 38-43.

Transections { Figs. 38-42 ) and longisection ( Fig 43 )
showing stages of differentiation of the vascular system of
petioles of leaf pairs { LF } 1-2, ( Fig. 38 ); LP 3.

( Fig. 39 ); LP 4, { Fig, 40 ); LP 5, { Fig. 41 }; and
LP 6 ( Figs. 42-43 ). Arrow points to single protophiloen
sieve tube of abaxial phiocem in LP 2 ( Fig. 38 ). The
tissue which comprises the midrib consists of small, Jense,
undifferentiated celliz. No vascular differentiation was
evident in LP 1. In LP 3, ( Fig. 39 ) a single protaxylem
element is evident at PX. Four protophlocem elements are
now evident in cbaxial phloem., Future site of cambial zune
is evident, LP 4 ( Fig. 40 ) show first protophloem

sieve element of adaxial phloem which by LP 5 ( Fig. 41 )
is rapidly becoming the dominant phloem in the midrib.

In the petiole of LP 6 ( Fig. 42 ) both the adaxial aind
abaxial phlcem are at an advanced stage of differentiation,
with lateral spreading of the strands becoming mcre
obvious, compared with LP 5. Although evident only in

Fig. 43, the adaxial phloem is the dominant phloem.
Unlab=lled arrows: Fig. 38 = protophloem sieve element of
abaxial phloem; Fig. 39 = developing cambial zone;

Fig. 40 = protophloem sieve element of adaxial phloem.

PX =-pr0toxylem, PAD = adaxial protophloem, PAB = agbaxial
protophloem, CZ = cambial zone, ADP = adaxial phloem,

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

Figs. 38-41 represent 60 pm, Figs. 42-43 represent 30 pm.



external and internal phloes Figures 34 - 37 illustrate the
developmental sequence in the stem, and Figures 38 - 43 that in the
leaf. At a distance of 80 um below the shoot ape. ( Fig. 34 ), vascular
differentiation is confined to protophloem sieve tubes of the external
phloem ( arrows ). At higher magnification ( Fig. 35 ) it is clear that

neither protoxylem nor internal phloem differentiation has begun at this

stage.

Betwzen nodes 4 — 5 ( Fig. 36 | precursors bf 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
t