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Many of thc largc columnar cacti Tric11oc~erelr.s c~hi1e1r.si.s near Santiago arc infcctcd by Trisier-i.v nphyll~rs. This is one of  thc 
most highly rcduccd sccd plants known: as i t  is an cndoparasitc, inflorcsccnccs arc thc only parts of thc plant cvcr to crncrgc 
from thc host, all thc rest exists as an cndophytic haustorial system; roots, vcgctativc stems, and Icavcs arc not protluccd. Aftcr 
infection. the parasitc spreads through thc thick cortcx of thc host, reaching thc vascular cambiurn and conducting tissucs. It 
continues to grow intrusively throughout all tissucs of thc host shoot. In its invasivc stagc i t  occurs as a "rnyccliumlikc" mass 
of uniscriatc filarncnts that grow bctwccn host cclls but only rarely cntcr thcni. Latcr growth is by longitudinal cell division 
that produccs irregular parenchymatous strands. Evcntually, xylcrn and phlocm diffcrcntiatc in thc cndophytic strands; thc 
phlocm is like that of othcr sccd plants, but thc xylcrn is almost pure parcnchyma. with only occasional, idioblastic tl-achcary 
clcmcnts. Strands closc to thc cpidcrn~is of thc host arc able to producc adventitious flower butls that cnlcrgc through cithcr 
soft regions in thc cpidcrmis (the arcolcs) or through accidcntal breaks in it. l'hc flower stalk may persist, forming a small 
pcrcnnial inflorcsccncc that has wcll-dcvclopcd xylcnl, phlocm, and pcridcrm but is without Icavcs. Host cclls appear healthy 
and normal, with no sign of damage caused by thc prcscncc of thc parasitc. 

MAUSETH, J. D., G. MONTENEGRO ct A. M. W~LCKOWIAK. 1984. Studicsof thc holoparasitc Tristeris [rphyll~rs (Loranthaccac) 
infecting Trichocerelrs c.hilet~.si.s (Cactaccac). Can. J.  Bot. 62: 847-857. 

Prks dc Santiago. plusicurs dcs gros cactus cn formc dc colonnc appartcnant au Tric.hoc~er~rs chile~~.si.s sont infcctCs par Ic 
Tristeris aphyll~ts. Ccttc dcrnicrc plantc cst I'unc dcs angiospcrrncs Ics plus rCduitcs: conme  il s'agit d'un cncloparasitc, 
I'inflorcsccncc cst la sculc partic dc la plantc h Crncrgcr dc 13h6tc, Ic rcstc sc ricluisant h un s y s t h c  haustoricn endophytc; il 
n'y pas dc racincs ct dc tigcs vCgCtativcs, ni dc fcuillcs. Aprks I'infcction, la plantc parasitc sc rCpand h travcrs lc cortcx Cpais 
dc I'h6tc ct attcint le cambium ct Ics tissus vasculaircs. Ellc continue cnsuitc 6 croitrc h travcrs tous lcs tissus dc I'hBtc. Au 
cours du stadc dc I'invasion, la plantc parasitc sc prCscntc commc unc massc "d'aspcct mycClicn" dc filarncnts unisCriCs qui 
croisscnt cntrc Ics ccllulcs dc I'hBtc mais n'y a pCnktrcnt quc rarcnlcnt. Plus tard, la croissancc s'cffcctuc par dcs divisions 
ccllulaircs longitudinalcs qui produiscnt dcs cordons parcnchymatcux irrkgulicrs. Du xylkmc ct du phlocmc finisscnt par sc 
diffbrcncicr dans Ics cordons cndophytcs: Ic phlokrnc cst scmblablc h cclui dcs autrcs angiospcrnmcs, mais Ic xylkmc cst prcsquc 
un pur parcnchynic, avcc sculcrncnt q~~c lqucs  Clbmcnts vasculaircs Cpars. Lcs cordons parcnchymatcux situCs i proxirnitC dc 
I'Cpidcrnlc dc I'h6tc ont la capacitk dc produirc dcs boutons tloraux advcntifs qui Crncrgcnt soit i~ travcrs Ics rCgions tcndrcs 
dc 1'Cpidermc (Ics arColcs). soit par dcs brisurcs accidcntcllcs dc I'Cpidcrrnc. LC pCdonculc floral pcut pcrsistcr: i l  formc alors 
unc pctitc inflorcsccncc pkrcnnantc, possCdant du xylknlc. du phloknlc ct un pCridcrrnc. mais dCpourvuc dc fcuillcs. Lcs 
ccllulcs dc I'h6tc paraisscnt saincs ct normalcs ct nc prkscntcnt aucun signc dc dornmagc (113 h la prCscncc du parasitc. 

[Traduit par Ic journal] 

Introduction 
The relationships of host plant and parasite have many inter- 

esting aspects, one of which is the modified anatomy and 
physiology of the parasite. Obviously, as parasites evolve 
from hemiparasitic to holoparasitic, their metabolism must be 
extensively modified. Likewise, exophytic parasites such as 
Cuscuta, Phoradendron, or Striga, having more or less normal 
stems and leaves (Kuijt 1969), are much less modified than the 
endoparasites such as Rafflesiu or Corynea in which only the 
flowers or inflorescences emerge from the host (Kuijt 1969). 
Such endoparasites are among the most fascinating of all plants 
because they have so few of what we expect to be essential 
plant parts: they have no vegetative stems, leaves, or roots, and 
presumably their physiology and developmental metabolism 
are also highly altered. Endoparasites have been particularly 
difficult to study because they typically grow in remote sites 
and are not easily maintained in botanical gardens, or they 
infect hosts whose tissues are woody and hard, being very 
difficult technically. 

The endoparasite Tristerix aphyllus (Figs. 2 and 3) does 
not suffer from these problems: it grows near Santiago and 

infects the cactus Trichocerew chilen.sis, a plant that is 
almost pure parenchyma. This has made it extremely easy 
to collect and study T .  uphylllls and its relationship with 
T .  chilerzsis, and because cactus tissue is easily grown in cul- 
ture, physiological-developmental studies should be possible. 
An early study (Reiche 1904) indicated that T .  uphyllus has an 
extremely modified endophytic system. 

Furthermore, this case of parasitism is of special interest 
because the host is unusual in being composed of large amounts 
of compact, persistent chlorenchyma which can serve as a 
source of carbohydrates and water for years, whereas more 
"typical" hosts usually are composed of large amounts of 
woody heterotrophic tissues maintained by conduction of 
nutrients from the leafy, autotrophic branch tips. Such hosts are 
typified by considerable acropetal transport of water and basi- 
petal transport of carbohydrates; in T .  chilensis, the rates of 
transport are unknown, but probably are small. Unlike most 
other parasites, T .  uphyllus grows immersed in a large soft 
"storehouse" of nutrients and water, and it should not be sur- 
prising that it has lost most normal vegetative anatomy and 
physiology. The first step in studying this highly unusual plant 
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was an examination of its anatomy and development, which is 
reported here. 

Materials and methods 
Specimens of Tric1zoc.er.err.s c11iler1si.s (Colla) Br. & K.  infected 

with Trisleri.~ rr/~l~yll~rs (D.C.) Barlow & Wcins wcrc collected at 
two localities, Llay Llay and Til Til, both about 100 km northwest of 
Santiago. Tissucs wcre fixcd in Formalin - alcohol - acctic acid 
(FAA) (50% EtOH) ovcrnight, thcn proccsscd by standard paraffin 
tcchniqucs. The slides wcrc staincd in spccial formulations dcsigncd 
to enhancc the staining of cactus tissucs: ovcmight in safranin (1 g 
safranin, 50 mL 7-methoxycthanol, 7 mL Formalin. I g sodium acc- 
tatc, 50 niL 50% EtOH), rinscd in watcr, trcated for 5 min with 1% 
chromic acid in watcr, rinscd in watcr, rapidly passcd through an 
EtOH dehydration scrics, then trcated for 8 s with Fast Grccn (0.5 g 
Fast Grccn, 50 niL absolutc (abs) EtOH. 25 mL xylcnc, 25 niL clovc 
oil; stir ovcrnight and filtcr bcforc usc), rinscd in abs EtOH, rinscd 
in a mixturc of 2570 clovc oil. 33% xylcnc, and 42% abs EtOH, thcn 
cleared for 10 min in a mixturc of 2 parts clovc oil, 1 part xylcnc, 
and 1 part abs EtOH. This is bascd on a modification of a schcdulc by 
Bokc (1952). 

For scanning clcctron microscopy (SEM). thc matcrial was fixed by 
standard proccdurcs and obscrvcd witli a JEOL scanning clcctron 
niicroscopc at 25 kV. 

Results 
The host 

Trichocere~rs cl~ilerl.sis is a tall coluninar cactus that branches 
near its base, producing a plant composed of 3- 10 vertical 
branches each ca. 12- 15 cm in diameter and 2-4 m tall 
(Fig. I). The surface of the branches is composed of 12 - 16 
low ribs (Fig. 3) that contain the areoles (spine clusters = short 
shoots) which are separated from each other vertically by ca. 
3 cni. Each areole has one prominent central spine ca. 
2- 12 cni long, and 8- 12 radial spines, also of variable length. 
Each young areole has a dorillant apical meristem capable of 
producing either a flower or a branch. The surface of the plant 
is coniposed of a tough thin epidermis that covers a thick 
hypodermis made of six to eight layers of cells witli extrenlely 
thick walls (Fig. 4). Interior to the hypodermis is a paren- 
chymatous cortex con~posed of several (10- 15) exterior layers 
of columnar palisade chlorenchynia cells and an inner region 
of nonchlorophyllous parenchyma; the entire cortex is ca. 
3-4 cm thick. All parenchyma cells, in both the cortex and 
the pith, are extensively interconnected by prominent primary 
pit fields. 

The stele is coniposed of numerous small bundles: although 

diam; Figs. 8 and 9), companion cells, and nonsieve-element 
parenchyma; the only sclerenchyma is a cap (ca. six cell layers) 
of living septate primary phloem fibers (Fig. 7). Xylem 
consists of a mixture of vessel elements with mostly simple 
perforation plates (but with occasional bars across the per- 
formation), parenchyma, and fibers. All cells of the secondary 
xylem have thick lignified walls, and both the fibers as well as 
the parenchyma are living, with easily visible cytoplasn~ and 
nuclei. Narrow rays are occasionally present in the bundles, but 
the large medullary rays constitute the bulk of the radial sys- 
tem. These are initially pure prinlary parenchyma, but with the 
establishment of the vascular cambium, these rays also grow 
secondarily as the interfascicular vascular cambiuni deposits 
large, thick-walled parenchyma cells (Figs. 10 and 2 1). 

Interior to the stele is the pith, coniposed of thin-walled 
parenchyma with a system of fine vascular bundles, especially 
near its outer edge. The pith is ca. 7 cm in diameter. 

Early g r o ~ ~ t h  of Tristerix 
Germination and infection have not yet been encountered; 

the following is a description of established flowering plants. 
The endophytic portion of Tr.isteri,~ aphyllus is present as a 
highly ramified and anastomosing network of parenchymatous 
tissues (Figs. I I and 12), which occur in all parts of the 
host stem: cortex, primary, and secondary vascular tissues, 
including the vascular cambium, and in the pith. The parasite 
is capable of growing (i) intrusively as i t  invades previously 
uninfected host tissues and ( i i )  syniplastically in coordination 
with an infected vascular cambiuni. With the stain technique 
used the nuclei of Tris terh stained a dense red while the nuclei 
of Trichocerelrs stained a light pink, making the cells of the two 
plants instantly distinguishable (Fig. 6). 

The nature of the intrusive growth depends on the nature of 
the tissue being invaded: when T .  q h y l l u s  grows downward 
into mature parenchymatous cortical tissues, it grows as rami- 
fying, uniseriate filaments which strongly resemble fungal 
hyphae (Figs. 6 ,  13, and 14). The older cactus cortex is aeren- 
chymatous with an extensive system of interconnected air 
spaces and parenchyma cells that are rather thick walled; the 
whole tissue is quite hard (similar to a potato tuber). In these 
lower areas, T .  c~plphyllus is found only as fine strands in the 
intercellular spaces, and the surrounding host cells are com- 
pletely nondeformed by the parasite (Fig. 15); parasitic growth 
appears to be controlled purely by available open space, with 
the parasite having no ability to crush or penetrate host paren- 
chyma cells. 

a normal vascular ca~llbiuill does forni, there is very little On the upper edge of the endophyte, growth is also by 
secondary growth, and the bundles remain distinct for years, uniseriate filaments, but the host tissues, being younger than 
forming a solid wood only in very old plants. Each bundle those just described, are also softer and are deformed and 
contains (in centripetal order): a cap of primary phloeni fibers, displaced soillewhat by the parasite. Apparently T .  chilensis 
primary phloem, secondary phloeni, vascular cambium, sec- grows compensatorily because even though the parasite cells 
ondary xylem, and primary xylem (Fig. 7). The phloem con- are cylindrical and fairly large, the host cells are only mildly 
sists of sieve tube members with large sieve plates (ca. 25 pm deformed, not crushed or destroyed (Figs. 7 ,  8,  13, and 14). 

FIGS. 1 -6. Fig. 1 . Habit of Tric11ocererr.s cl~iler~sis growing ncar Llay ILlay. Notc cspccial ly thc branchcd, columnar growth form. Fig. 2. 
Tricl~ocercrrs chiler~.sis infcctcd by Tris~erit- (~111yllrr.s; cach of tlic large floral masscs is composcd of hundreds of sniall inflorcsccnccs likc those 
of Fig. 3. X0.1. Fig. 3. Many arcolcs (spinc clusters) arc visiblc, most with onc or two T .  tr/~hyll~rs floral branchcs. A T .  trphyllrrs floral branch 
is just cnicrging from thc ccntral arcolc (arrow). X0.5. Fig. 4. Thc cpiderniis of T. chiler~sis is coniposcd of thin-walled small cclls, but thc cclls 
of tho hypodcrniis arc vcry thick-wallcd and constitute an cxtrcmcly tough resistant barricr to cithcr infection or flowering of thc parasitc. X 150. 
Fig. 5.  A largc, maturc strand of T. np11yllrr.s growing in thc phlocni of a vascular bundlc of 7'. chi1errsi.s. Host xylcm is in uppcr Icft; parasitc 
xylcm is thc tissuc ininicdiatcly surrounding its idioblastic trachcid (largc arrow): parasitc phlocm is the dark. cytoplasmic cclls just to thc lower 
right of parasitc xylcm. Parasitc "cortcx" surrounds thcsc two vascular tissucs. Notc that therc arc nurncrous sniall strands and filaments of the 
parasitc mixcd in thc host phlocm and cortcx (small arrows). X92. Fig. 6. Thc tip of a growing hyphalikc filamcnt of T. rrphyll~rs. Notc thc largc, 
promincnt. dark nuclci of the parasitc, conipared with the smallcr, morc lightly staincd companion ccll nuclcus (arrow) of thc host. x46.5. 
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The T. aphyllus filaments may be fairly straight, but typically 
they follow an irregular course, as though lines of weakness in 
the host were of primary importance (Figs. 13, 14, 25 and 26). 
As is true of the downward-growing filaments, they may be 
either branched or not, and frequently fill intercellular spaces, 
sometimes to the point of filling all available spaces and 
forming a pseudoparenchyn~atous matrix around the true 
parenchyma of the host (Fig. 16). This endophytic parasite 
tissue can be very large; several sections of T. chilensis approx- 
imately 0.5 m long were dissected, revealing that stiands 
within them were interconnected, apparently being parts of a 
single T. aphyllris plant. In some branches of T. chilensis, the 
infection extended as much as 3 m, so the parasite was invading 
a volume of as much as 53 000 cm3. 

The T. aphyllris filaments are most concentrated in the vas- 
cular tissues, especially the phloem; when the developing 
phloem is invaded, the resulting tissue has a completely normal 
appearance in that the host phloem is not crushed, but rather the 
nonconducting parenchyma that is typically present in phloem 
happens to be mostly parasite (Figs. 7 and 8); host sieve tube 
members, companion cells, and nonconducting parenchyma 
are all present with normal morphology. lndividual cells can be 
identified as host or parasite only by observing the nucleus 
(Figs. 6 and 9) or by finding the large sieve plates: present in 
T. chilensis (Figs. 8 and 9). Similarly, in the xylem many of 
the axial parenchyma cells are actually filaments of the parasite 
(Figs. 7 and 17). They are easily identified by their thin non- 
lignified walls: they stain green whereas the true xylem paren- 
chyma has slightly thickened, red walls. Unlike other cell 
types, developing tracheary elements seem to be sensitive to 
the parasite and are markedly deformed by the filaments; 
however, this does not inhibit the further development of the 
element, and normal secondary walls are deposited. Short 
"fingers" (Fig. 19) or "bubbles" (Fig. 17) of parasite may be 
completely embedded within a tracheary element, and many 
examples of tylosislike multiple invasions of single elements 
were observed (Fig. 20). Typically one of the many "tyloses" 
would contain a T. aphyllus nucleus. This cellular invasion is 
even more common in the thick-walled parenchyma cells laid 
down in the medullary rays (Figs. 10, 21, and 22). 

The parasitic filaments are much less abundant in the vascu- 
lar cambium, and those present are oriented radially, whereas 
in the xylem and phloem the filaments are predominantly 
axial in orientation (Figs. 23, 25, and 26). The presence of 
T. aphyllus filaments in the vascular cambium results in sym- 
plastic growth, because the parasite cells grow in a manner 
coordinated with that of the vascular cambium; as in most cacti, 
the vascular cambium of T. chilensis grows slowly, producing 
only 0.1 or 0.2 mm of secondary xylem per year. As new 
xylem and phloem are generated, they are invaded by sur- 

rounding parasite filaments. In rare instances, the invasion is 
massive enough to totally disrupt the region, but usually the 
vascular cambium continues to deposit secondary xylem and 
phloem for (apparently) many years after establishment of the 
parasite within it (Figs. 18 and 33). Whereas all secondary 
phloem of a vascular bundle appeared to have a uniform distri- 
bution of parasite within it, in the secondary xylem the parasite 
was frequently present as tangential bands, separated from each 
other by regions of uninfected axial xylem. This suggests that 
the phloem can be invaded continuously, but the xylem is 
invaded episodically, producing tangential bands of heavily 
infected xylem that alternate with regions with few parasite 
filaments. Each of these infected bands was interconnected by 
parasite filaments running through the host rays. 

In brief summary, once established the parasite grows acro- 
petally, basipetally and circumferentially in all host tissues, 
and lines of physical weakness seem to be important in guiding 
the growth, especially in older tissues. There is no apical 
meristem but rather a myceliumlike growth front of uniseriate 
hyphalike filaments. 

Later growth of Tristerix 
The intrusive filaments remain uniseriate for only a short 

time apparently, because they are usually less than 1 or 2 mm 
long. Cells only five or six cells back from the terminal cell can 
begin longitudinal division (Fig. 27). This is not highly coordi- 
nated: in any region, certain cells may have divided several 
times while adjacent cells have divided only once or not at all. 
Whereas the initiation of these divisions is irregular, the orien- 
tation is extremely precise: all divisions are longitudinal, 
creating very obvious packets of cells (Fig. 9). Ultimately all 
cells of the filaments undergo these longitudinal divisions, 
producing multiseriate parenchymatous filaments that have the 
same irregular longitudinal undulations that the original uni- 
seriate filaments had (Figs. 11, 12, 16, 18, 24, and 29). 

In older mature host tissues, this radial growth of the 
parasite can occur only to the extent allowed by the available 
intercellular space, so the filaments remain quite slender. In 
immature soft tissues, the radial growth can be such that the 
filaments attain a diameter of 840 p,m (mean of 14 largest 
filaments, 630 p,m; Figs. 5 and 37). Although almost all fila- 
ments undergo radial growth, the extent is highly variable from 
filament to filament, such that of four or five ad-jacent filaments 
one or two may become large while the others attain diameters 
of only 30 to 40 p,m (Figs. 5 and 18; the transcambial filaments 
that interconnect intraxylem endophyte with intraphloem endo- 
phyte always remain uniseriate; Figs. 23, 25, 26, and 28). The 
really large diameters (greater than ca. 500 p,m) seem to occur 
primarily in the strands embedded within the phloem, while 
those of the pith and cortex remain somewhat smaller, and 

FIGS. 7 -  12. Fig. 7. Vascular bundle of Triclzocereus clzilerlsis with a recent infcetion by Tristerix np11yllu.s. This bundle shows the morphology 
typical of uninfectcd T.  clzilerz.sis; the parasitc is distinguishable only because of its largc nuclei (arrows). X92. Fig. 8. Magnification of infected 
phloem. Thc two central cells are parasite. most of the rest are cactus phiocm, with four sicvc plates visible. X381. Fig. 9. Longitudinal section 
of host phlocm and a young parasite strand. Tristeri.~ np1zyll~r.s grows in width by orderly longitudinal divisions, resulting in tiers of cells; the 
rate of division varies. such that some tiers contain four cells, others only two. This facilitates recognition of parasite cells versus host cells when 
nuclei are not in the plane of section. Note the two prominent sieve plates in the host phloem. Arrows indicate host nuclei. ~ 2 8 0 .  Fig. 10. Cross 
section of T .  c11ilerzsi.s xylem, showing the regular "conducting" xylem on the right with vessels, and on the left is the cambium-derived 
thick-walled parenchyma of thc enlarging medullary rays. Many of thcse cells have been invaded and display one or several parasitc inclusions 
(SCC Figs. 21 and 22 for higher magnification). X73. Fig. I I .  Longitudinal section of a young strand of T .  np1zyllil.s in  the host cortex. At this 
stage its cells have divided enough to form a parenchymatous mass, but no vascular tissue has formed. A cross section of this stage is shown 
in Fig. 12. x 104. Fig. 12. Cross section of T.  n~~lzyllus strands at a stage before vascular differentiation. The three very large cells in the host 
cortex are mucilage cells. X59. 
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those of the xylem are smallest, apparently being restricted by The phloem of the T .  aphyllus endophyte appears to be 
the maturation and hardening of the host's lignified elements. completely normal, with short sieve tube members with hori- 
This radial growth, like the initial intrusive growth, seems to be zonthl sieve plates with fine sieve pores. Companion cells and 
accompanied by some compensatory growth by the host, nonconducting parenchyma are also present, but neither 
because even the largest parasite strands, those with diameters phloem fibers nor sclereids were observed. The fact that the 
equivalent to 10-20 cactus cells, are not surrounded by layers phloem is adjacent to the collapsed zone suggests that at least 
of crushed cactus tissues; some cells may be slightly flattened part of the collapsed zone might be degenerated protophloem. 
and have an epithelial appearance, but they are all alive, with The xylem of the T .  aphy[lus endophyte is almost pure 
intact protoplasm and nucleus (Figs. 5 ,  31, and 34). Several parenchyma (Fig. 5),  and tracheary elements are rare. In the 
instances were observed in which the surrounding host paren- strands of endophyte embedded i n t h e  host phloem, tracheary 
chyma was induced to expand greatly, forming a sheath around elements are present only as occasional idioblasts: there 
the parasite strand (Fig. 30). If two or three adjacent filaments are single isolated tracheary elements not in contact with 
enlarge greatly, they may trap islands of host parenchyma others, and conduction is obviously impossible. However, in 
between them, producing a complex strand that is a mixture of the endophytic strands immediately below the exophytic floral 
the two plants; the trapped cactus parenchyma persists indefi- branches, there is a greater quantity of conducting cells, 
nitely, appearing healthy and normal (Fig. 31). actually forming continuous rows, possibly being capable of 

Once the parasite strands reach a certain diameter (ca. conducting water (Figs. 35,  36). 
120- 180 p m ) ,  differentiation of tissues begins. The first step An identifiable undisputable vascular cambium was never 
is the appearance of a layer of very narrow cells with elongate, found in any endophyte vascular bundle; the cells immediately 
narrow nuclei; these cells soon collapse completely, forming a adjacent to the phloem resembled the xylem and were not 
dark irregular layer in the center of the strand (Figs. 31 and arranged in uniform layers. Although the xylem and phloem 
34). Its purpose and significance are unknown. In strands that tend to be arranged in rows, the rows are never as uniform and 
are slightly larger, a differentiation of vascular tissue is obvi- regular as would be expected from a vascular cambium; rather 
ous: the center of the strand is occupied by a single collateral they have much the appearance of primary tissues derived from 
bundle of vascular tissue, the outer parts of the strand re- a procambium. As the vascular bundle develops and enlarges, 
maining parenchymatous and having the appearance of a cortex the outer cortexlike portion of the strand enlarges and is not 
(Fig. 5). The vascular bundle is wedge-shaped in cross section, crushed (Figs. 5 ,  36, and 37). It may produce small isolated 
with the broad portion of the wedge beingcomposed of xylem clusters of iclereids, and some of its cells contain many prom- 
and the narrow portion being phloem. The bundle is oriented inent starch grains (Fig. 32). 
such that the phloem is proximal to the zone of collapsed cells. These vascular bundles never become very large: in the 
In large compound strands formed by the merger of several endophytic strands below the largest exophytic inflorescences 
enlarging. filaments (Fig. 36), each of the original filaments that we found, the xylem was only 17 cells deep and the phloem 
produces a vascular bundle, so a compound strand may have just I1  (Fig. 36). Even in these largest oldest plants the anat- 
two to five vascular bundles. Although each of these bundles omy never became like that of more "typical" seed plants: no 
is oriented with regard to its appropriate collapsed zone, they endophyte was ever found with a vascular cambium or round 
are not oriented with regard to the other bundles of the same central mass of xylem surrounded by phloem. As mentioned 
strand, which thus has an extremely irregular unorganized above, the largest strands are the compound ones in the axial 
appearance. The vascular bundles of the endophyte strands, phloem of the host. Endophytes located in either the pith or 
likewise, have no orientation with regard to any host tissues. cortical parenchyma or i n  the host leaf trace phloem could 
More importantly, no direct connection with any of the host occasionally become large and develop vascular tissue; con- 
vascular tissue was observed: they are always separated by versely, many strands undergo very little radial growth, 
layers of "cortex" parenchyma and sometimes also by the col- remaining as fine strands of parenchyma. 
lapsed zones. Within the compound strands, the vascular bun- Tristeri-x aphyllus has no system of "sinkers" (special con- 
dle of each component strand may contact or merge with the nections between the haustorial tissues in the host vascular 
vascular bundle of the other component strands. tissue and the exophytic portion) as are reported for several 

FIGS. 13-22. Fig. 13. Longitudinal section of Trichocer-e~rs chi1err.si.s phloem, showing a young invasive Tristeris nphy1l~i.s filamcnt. Compare 
the sizes of the two nuclei (cactus nucleus indicated by arrow), and note the normal appearance of the phloem, with prominent sieve plates; the 
parasite has not crushed or destroyed any host tissues; the two seem to grow in a coordinated manner. x 164. Fig. 14. As in Fig. 13, but this 
filament has branched. x 164. Fig. 15.. A slender strand of T .  trp1zyll~r.s growing between four host cortical cells. The thickened walls of these 
mature parenchyma cells are nondeformable. confining the parasite to existing intercellular spaces. x 184. Fig. 16. Cortical parenchyma that was 
invaded while younger than that of Fig. 15. One filament has expanded laterally to form a strand which shows the beginning of vascular 
differentiation. The rest of the filaments have remained uniseriatc but have proliferated to the point of filling every possible intcrccllular space. 
The growth of the parasite may havc forced some separation of host cells: T .  c1ziletz.si.s cortex usually docs not havc so much space between cells. 
x44. Fig. 17. Cross section of host xylem showing several cells (arrows) invadcd by the parasite. x231. Fig. 18. A large vascular bundle of 
T.  chi1etzsi.s which has been infected. Note the large number of strands of T.  ophylliis in the phloem; the xylem likewise is heavily infested, but 
the cells are difficult to distinguish in a black and whitc photograph. The number and size of the strands suggest that this bundle has been infected 
for quite some time, yet the cambium appears to be functioning normally. x54. Fig. (9.  This vessel clcmcnt was invadcd when young and has 
rcactcd by depositing a solid, lignified wall around the filament, while the rest of the clcmcnt formed normal intervascular pitting. The parasite 
has remained alive. X280. Fig. 20. Tylosislike invasions of a vcssel clement. one of which contains a nucleus (arrow). Because thcsc have not 
been covered by host secondary wall (as in Fig. 19). they probably invadcd the vessel clement after i t  had matured. ~ 2 4 2 .  Fig. 21. Thick-walled 
medullary parenchyma cells that have been invadcd by parasite filaments, one of which extends upward between cells (arrow). This host cell 
was living, its nucleus was present in a different section. x 191. Fig. 22. As in Fig. 22, but showing the disruption that may result from extensive 
invasion. x 175. 
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other parasites. The surface of the T. chilensis is covered with 
areoles that are actually short shoots whose leaves are modified 
into spines (Fig. 3). Each short shoot is connected to the vascu- 
lar bundles of the stele by a ring-shaped set of ca. 15-30 leaf 
traces that cross the wide (3-4 cm) cortical parenchyma 
(Figs. 37 and 38). Usually the phloem (sometimes also the 
neighboring parenchyma) of eachof these leaf traces is infected 
by T. aphyllus strands which can become quite large, each 
producing its own vascular bundle. These can have the appear- 
ance of sinkers, but the size and complexity of the parasite 
strand seems more correlated with the-size of the host trace 
rather than the presence of an exophyte; also, these leaf traces 
can ramify, contributing to the system of cortical traces and 
these are also infected by T. aphyyl1u.s (Figs. 11 and 12). 

To summarize briefly, a plant of T. aphyllus such as is 
shown in Figs. 2 and 3 may have an extensive three- 
dimensional myceliumlike endophytic portion that can extend 
as much as 2-3 m along the length-of the host shoot, be 
restricted primarily to one side of the host or completely en- 
circle it, and be present in all host tissues (except the spines and 
hypodermis probably). In a cross section through the host in a 
region of mature endophyte, it would be possible to encounter 
uniseriate filaments, thin parenchymatous strands, somewhat 
larger strands with a collapsed zone and vascular tissue, and 
large compound strands composed of several smaller strands 
that had merged by chance as they grew into each other, pos- 
sibly trapping islands of host parenchyma which remain alive. 

Discussion 
Tristerix aphyllus is obviously one of the most highly 

reduced seed plants known: it completely lacks most of the 

organs and tissues that are considered to virt~~ally define 
spermatophytes; it has no roots, and the only stems ever pro- 
duced are those of the small inflorescences; leaf primorida are 
produced in these inflorescences, but development apparently 
stops early and the primordia do not mature into leaves. The 
only normal organs produced are flowers and inflorescences. 
Such reduction is rare, being found elsewhere only in the 
Rafflesiaceae (Dell et al. 1982; Kuijt 1969; Rutherford 1970), 
Viscaceae, and Santalaceae (J.  Kuijt, personal communica- 
tion). All other members of the Loranthaceae, especially other 
species of Tristerix, have large well-developed exophytic por- 
tions with green photosynthetic leaves and stems with normal 
primary and secondary growth. It is interesting that such total 
suppression of normal development has occurred, especially 
when one considers the implications for physiology and mor- 
phogenesis. It is easy to think that the three primary functions 
of typical stems and leaves are photosynthesis, conduction, and 
support, three functions which are unnecessary in an endo- 
parasite. But shoot systems do much more than this; they also 
(i) produce the buds that develop into flowers, (ii) control the 
growth and orientation of their tissues, and (iii) sense the envi- 
ronment and produce (as well as respond to) hormones and 
other morphogenic signals. 

Obviously, with the endophyte being so totally modified, 
the normal mechanism for producing flower buds is absent, 
and they must arise adventitiously from the parenchymatous 
strands. Although naturally occurring adventitious buds are not 
rare in spermatophytes, these are usually vegetative buds and 
are produced on organs of a much more typical morphology 
than the endophyte of T. aphyllus. The only other plants that 
give rise directly to adventitious flower buds (of which we are 
aware) occur in a few other parasites and Sticlziatzth~~s 

FIGS. 23-32. Fig. 23. An oblique longitudinal scction showing host xylcm on Icft, vascular cambium in thc ccntcr and phlocm on thc right 
(thc picture is lying on its side). Thc cndophyte filamcnts arc orientcd axially in thc xylcm and phlocm and are thus cut longitudinally, but they 
arc radially oricntcd in the cambium. Sce Figs. 25 and 26 for radial sections. Notc that the transcambial strands arc uniseriate. x 5 8 .  Fig. 24. 
Cross scction of a very young, infectcd vascular bundlc. Thc Tristeri.~ trphy1lrr.s filamcnt has just bcgun longitudinal division and is only four 
cclls wide. This material was takcn from a vcry young rcgion of thc Trichocererrs c11ilet1si.s shoot, and parasitc filamcnts had probably invadcd 
its apical mcristcm. x 177. Fig. 25. A radial section of infcctcd vascular tissuc, showing the transcambial intcrconncction of an intraxylem 
cndophytc strand with an intraphloem endophytc strand. Comparc with Figs. 23,26,  and 28. x71 .  Fig. 26. Similar to Fig. 25, but demonstrating 
that thc transcambial filamcnts can branch, thus increasing thc infection of thc cambium. X71. Fig. 27. A young filament, just beginning 
longitudinal ccll division. x 173. Fig. 28. Transcambial strands in an old scction of T. clzilensis. This vascular bundlc was vcry largc, with mature 
parasitc strands, yet thc transcambial filaments remaincd uniseriate. Xylem on bottom, phlocm on top: thc stem's axis is oricntcd horizontally. 
x 3 3 .  Fig. 29. Initial stages of latcral growth in a T. flph~1lu.s filamcnt (arrow) located in cortcx ncar a vascular bundlc. Although thcrc wcrc 
scvcral filaments in this region, thc vascular bundlc itself was not infcctcd. x 171. Fig. 30. This T. cipl~~~llirs strand has induccd thc adjaccnt host 
cortex cclls to cnlarge, forming a promincnt sheath. x58 .  Fig. 3 1. Notc thc irregular outlinc of this strand: thc bulk of it, on the right, has probably 
dcvclopcd from one or two filamcnts: the two "arms" extcnding to thc left have dcvcloped from scparatc filaments and cncirclc sevcral host cortex 
cclls. If the filaments of the arms had cnlargcd also, a complcx strand would havc rcsulted, with patches of host tissuc trappcd inside it. x93 .  
Fig. 32. This is the cortexlikc rcgion of a largc maturc strand, similar to that in Fig. 5.  With polarized light i t  is possiblc to scc starch grains 
and sclereids. x45 .  

FIGS. 33-38. Fig. 33. A host vascular bundlc in which scvcral filamcnts havc bcgun dcvcloping into largc strands. Also, notc the strand in 
thc cortex that is "approaching" one of thc axial strands. x58 .  Fig. 34. A strand in which thc collapscd zonc has formctl, but before vascular 
differentiation has bcgun. This strand is located within the cap of phlocm fibcrs and had pushed them aside, indicating that the parasitc invaded 
this area beforc the cells became lignified. x 104. Fig. 35. Wood of a very large endophytc strand such as that shown in Fig. 36. It is rarc to 
find contiguous tracheary elements in-the strands cmbedded in thc phloem of the axial bundlcs. but xylem such as shown here frcquently docs 
dcvelop just below large exophytic floral branches. x255. Fig. 36. A portion of a complex strand in thc outer cortex below a large cxophytic 
floral branch. Although the xylem tcnds to be centrally located. notc that is is really organized as small patchcs. with numcrous collapsed areas 
separating them. Perhaps as many as 13 distinct strands constitute this portion. The cortcxlikc region still persists, and this cxtensivc expansion 
has crushed neighboring host cells. The white areas are cracks in thc preparation. x23 .  Fig. 37. Tangential section of thc cactus, producing a 
cross section of the infected leaf traces. Tcn traces are visible, all infectcd: as the lcaf traces branch and anastomosc, so do the infecting parasite 
strands. The three upper strands havc already developed vascular tissue, but thc lower strands havc not yet formed collapsed zones. Thc host 
vascular tissue of the leaf traces are so small as to be indistinguishable (see Fig. 38). With furthcr development, these separatc strands wouId 
have mcrgcd into a complex strand such as that in Fig. 36. X57. Fig. 38. Highcr magnification of several strands as in Fig. 37. These have not 
yet formed the collapsed zone. Even at this magnification, thc host tracheary elcments arc so small as to bc difficult to scc (arrows). x92 .  
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(Rubiaceae; Winkler 1931). From tissue culture experiments it 
has been established that in certain species or varieties, vegeta- 
tive buds can be induced artificially. But this is possible in only 
a few species at present; in the majority, this morphogenic 
trigger is apparently so complex as to have not yet been discov- 
ered, even though a great deal of effort has been expended. 
The capacity of T .  aphyllus to produce flowers adventitiously 
(especially only adventitiously) probably represents a major 
metabolic modification. 

The second major function of shoot (and root) systems, to 
control the normal establishment and development of tissues, 
has likewise been highly modified. The vegetative growth and 
morphogenesis of T .  nphyllus can perhaps be best understood 
as two phases: opportunistic and controlled. 'The actual inva- 
sive growth has many aspects that seem to be directed more 
by opportunity than by T .  aphyllus itself: in the more lignified 
or harder parts of the host, T .  aphyllus grows primarily in areas 
of weakness or free intercellular spaces. In softer areas of the 
host, much of the orientation of the parasite matches that of the 
host; if any control is being exerted over T .  aphyllus, Tricho- 
cereus chilensis is the one exerting it. The largest best- 
developed strands of T .  aphyllus occur in the axial phloem, a 
region that should be richest in nutrients and water; the strands 
in the inner cortex and pith (tissues poor in nutrients and devoid 
of stored starch) are the most slender and least developed, 
something that would be consistent with a poor food supply. 
Such differences in the growth of separate parts of the same 
plant suggest that very little conduction is occurring, and 
growth depends on the conditions presented by the host. Mor- 
phogenesis, as opposed to invasive growth, appears to be more 
orderly and to be controlled by Tristerix itself. Transcambial 
strands are oriented radially and do not undergo any increase in 
diameter; the strands are of a uniform diameter for short dis- 
tances, they are not just lumps of callus; vascular tissue devel- 
opment is spatially oriented within the strands and begins when 
the strands attain a critical diameter. At present it would not be 
useful to speculate as to whether these control mechanisms are 
completely new and unique to T .  aphyllus or whether they are 
modifications of preexisting control mechanisms that occurred 
in the stems and (or) roots of the ancestral species. Certainly 
the mechanism for tip growth must be new; growth by apical 
cell division in uniseriate filaments may be common in algae 
and fungi, but we do not know of instances in which it occurs 
in seed plants (unless an occasional trichome) except in other 
highly modified endophytes, such as Arceuthobium (Thoday 
and Johnson 1930), Cuscuta (Dorr 1969, 1972), and members 
of Rafflesiaceae (Kuijt 1969). 

In considering the morphogenesis just described, the natural 
first assumption is that T .  aphyllus, like any plant, is con- 
trolling its own development. But T .  aphyllus, being an endo- 
parasite, is unusual in that its entire ecosystem is the interior of 
one single other plant; furthermore, consider that T .  aphyllus is 
physically located within the gradients and fluxes of host hor- 
mones and metabolites that are controlling the morphogenesis 
of T .  chilensis. The opportunity for "foreign" control is unique. 
Similarly, T .  chilensis is exposed to whatever hormonal mech- 
anisms that T .  nphyllus might have. It is, therefore, especially 
interesting that the cactus growth and differentiation are so 
completely normal: even the cells and tissues of the host imme- 
diately adjacent to those of T .  aphyllus develop normally, with 
signs of disruption being extremely rare. 

Just like any other plant, T .  aphyllus must be capable of 
sensing the environmental conditions so that growth, flow- 

ering, and dormancy occur at the proper times. This aspect of 
the loss of the vegetative shoot system is especially interesting 
considering that leaves are typically important in the synthesis 
of auxins, cytokinins, and gibberellins; that they detect day 
length and thereby control flowering and dormancy; and that 
their chloroplasts produce essential components for lipid syn- 
thesis. Certainly many other taxa have become leafless, 
retaining only leaf primordia and apparently transferring the 
functions of the leaves to the stems, and the family of the host, 
the Cactaceae, is the classic example of this. But neither the 
Cactaceae nor many other plants have become leafless, stem- 
less, and rootless. Because the endophytic strands are the 
only vegetative part of T .  nphyllus, the typically leaf-based 
functions must have been transferred to it, but the situation 
is even more exotic, because any environmental information 
arriving at the endophyte must have been "filtered" through the 
host first. Thus seasonality might be detected by light-dark 
periods that T .  aphyllus could possibly measure itself (since 
T .  chilensis tissues are not opaque), or it might detect season- 
ality by responding to the hormone-growth response of the 
host. The advent of the rainy season could be detected only by 
sensing the hydration of the host tissues. Because the physical 
body of a plant is the expression of its control mechanisms, it 
cannot be disputed that those of T .  aphyllus have been highly 
modified, as have been those of members of the Rafflesiaceae. 
But the modifications in this family seem to have occurred in 
the evolution of the whole family, whereas T .  aphyllus is dis- 
tinct not only in its family, but also in its genus; the mod- 
ifications must have occurred very rapidly. 

Cactus tissues can easily be sterilized and maintained 
in culture; experiments are in progress to study the physio- 
logy of T .  aphyllus and will be reported in future papers. 
Finally, it must be mentioned that a previous paper on 
T .  aphyllus (Thiselton-Dyer 1901) actually describes the 
wound periderm that T .  chilensis deposits around the tunnels 
of beetle larvae. Although an interesting paper, it has nothing 
to do with T .  aphyllus. 
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