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Hypothesis on the mechanism of
erythrocyte invasion by malaria merozoites
LOUIS H. MILLER 1

Plasmodium knowlesi merozoites invade erythrocytes by a sequence of events: attach-
ment, widespread deformation of the erythrocyte membrane, endocytosis, and resealing
of the membrane and vesicle. The possible mechanisms by which these events occur are
discussed. In particular, there is a detailed discussion of the role of the Duffy blood group
system in invasion.

The subphylum Apicomplexa is characterized by
organelles (rhoptries and micronemes) and special-
ized membranes in one region of the parasite
called the apical region (1). During observations on
invasion, this region is seen to be the first to enter
the host cell (2). It appears, from ultrastructural
studies, that the plasma membrane in the apical
region is attached to the host cell membrane (3,4).
Because the parasite is usually highly motile and
the host cell is usually phagocytic, the role for the
apical region and specific attachment in invasion is
difficult to evaluate. The malaria merozoite, on the
other hand, has limited motility and invades a non-
phagocytic cell, the mature erythrocyte. For these
reasons, invasion must be explained other than by a
parasite pushing its way into a cell or by the cell
ingesting the parasite. Merozoites, of course, need
no motility to find their host cells since they are
surrounded by erythrocytes in the bloodstream.

Invasion of rhesus erythrocytes by Plasmodium
knowlesi merozoites was observed in a Dvorak-
Stotler controlled-environment chamber with an
inverted microscope equipped with Smith differential
interference optics (5). Invasion follows a definite
sequence:

1. Attachment between merozoite and erythrocyte.
Attachment appears to occur between any surface
of the merozoite and the erythrocyte. However, the
subsequent steps in invasion only occur when the
apical region is in contact with the surface of the
erythrocyte. If initial contact is between the side of
the merozoite and the erythrocyte, the merozoite
appears to reorient itself. Attachment, with the
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initiation of invasion, may occur at either the
convex or the concave surface of the erythrocyte.

2. Widespread deformation of the erythrocyte.
With the apical region of the merozoite attached to
the erythrocyte, the erythrocyte undergoes rapid
and marked deformation with waves radiating out
from the point of contact. The deformation may
extend to one half of the erythrocyte surface and
may last for up to 10 seconds. The erythrocyte
then returns to its normal shape with the merozoite
still attached at its initial point of contact.

3. Entry into the erythrocyte. The parasite enters
by a localized invagination of the erythrocyte
membrane in a process that resembles endocytosis.
This phase of invasion takes approximately
20 seconds.

4. A second wave of deformation in the vicinity of
the vacuole. The orifice of the endocytotic vacuole
seals.

The information presented in this publication
should form the basis for models to explain the
observed events in invasion. I intend to concentrate
my discussion on the initial attachment phase and
to make only a few comments on other phases that
are covered in greater detail by other authors.

ATTACHMENT

Evidence for attachment
The free-floating merozoite with little intrinsic

motility remains in apposition to the erythrocyte
membrane during its widespread deformation.
Without attachment, the merozoite would not move
with the erythrocyte membrane during the deforma-
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tion phase of invasion. It is experimentally difficult
to isolate the process of attachment from the sub-
sequent steps in invasion because in most situations
deformation occurs immediately after attachment.
The one exception to date has been with Dodge
ghosts: merozoites attach to and detach from these
ghosts without inducing deformation. Rarely, a
merozoite may remain attached to a ghost (S. J.
Mason & L. H. Miller, unpublished data, 1976).

Specificity of attachment
It is known that P. knowlesi merozoites will only

invade erythrocytes from hosts that can be infected
in vivo (6,7); erythrocytes from prosimians and
subprimates are not invaded. When P. knowlesi
merozoites contact prosimian or subprimate erythro-
cytes, no interaction occurs, that is, the merozoites
fail to attach to or deform the erythrocytes. Further-
more, susceptible human erythrocytes are made
resistant to invasion by P. knowlesi by treatment with
chymotrypsin. On direct observation, no interaction
occurs between chymotrypsin-treated human erythro-
cytes and P. knowlesi merozoites (S. J. Mason &
L. H. Miller, unpublished data, 1976). Both these
studies suggest that there is a specific determinant
(receptor) on the erythrocyte surface to which the
merozoite attaches. As a corollary, the merozoite
must have a ligand-like substance on its surface
complimentary to the receptor. The active group on
the merozoite is functionally labile since merozoites
will only attach to erythrocytes for approximately
10-15 min after release from an infected erythrocyte.
These groups may be released from the surface or
inactivated in some unknown way.

The Duffy blood group system and invasion by
P. knowlesi and P. vivax
Duffy-blood-group-negative erythrocytes, FyFy,

resist invasion by P. knowlesi merozoites (8). The
majority of Negroes have this phenotype; it is
extremely rare in other groups without admixture
of Negro genes. Since Negroes are known to be
resistant to P. vivax, it was assumed that the Duffy-
negative phenotype was the basis for resistance to
P. vivax. Blood typing was carried out on 11 Ameri-
can Negroes who had been exposed to P. vivax-
infected mosquitos (9): the five Duffy-negative
subjects were resistant to infection whereas the other
six, who had Fya or Fyb determinants, were all
infected.

These observations raised two important ques-
tions:

(a) Was resistance due to the Duffy-negative
genotype or to another closely linked gene?

(b) If the Duffy blood group system is required
for invasion, where does it function in the invasion
sequence?

The evidence that the Duffy blood group system
is involved in invasion is threefold. First, erythro-
cytes from rare, non-Negro, Duffy-negative indi-
viduals resist invasion in vitro by P. knowlesi (10).
The Duffy-negative genotype probably results from
mutation rather than from admixture of genes from
Negroes. If resistance to invasion were due to the
absence of a factor closely linked to the Duffy locus
but not within the locus itself, these erythrocytes
should have been invaded. Second, chymotrypsin
treatment of Duffy-positive erythrocytes (Fya or
Fyb) removes these determinants and blocks invasion
by P. knowlesi in vitro (8). Third, antibody against
Fya determinants blocks invasion of Fya erythro-
cytes (8). These three facts taken together indicate
that the Duffy blood group system is involved in
invasion by P. knowlesi.
The Duffy blood group system is defined by two

antisera, anti-Fya and anti-Fyb, that identify the
codominant Fya and Fyb genes. Cells that react
with neither of these antisera are called Duffy nega-
tive and are thought to be homozygous for Fy, a
third allele at the Duffy locus. In addition to lacking
the Fya and Fyb determinants, Duffy-negative
erythrocytes lack Fy 3, a determinant observed in all
Duffy-positive cells. (For a review of the Duffy
blood group system, see ref. 11.) Resistance to
invasion of Duffy-negative erythrocytes is presum-
ably due to the absence of a Duffy-related determi-
nant on their surface. From the above discussion,
it is evident that Duffy-negative human erythrocytes
lack Fya, Fyb, and Fy 3. Fy 3 cannot be the receptor
since chymotrypsinized human Duffy-positive
erythrocytes that still have Fy 3 determinants resist
invasion (L. H. Miller, unpublished data, 1976).
Fya and Fyb determinants cannot be required for
invasion, since erythrocytes that lack these are
invaded. For example, trypsinized or neuraminidase-
treated human Duffy-negative erythrocytes are
invaded, although they still lack the Duffy deter-
minants (10). Enzymatic treatment of Duffy-
negative human erythrocytes probably decreases the
steric or charge interference between the merozoites
and a low affinity binding site. This site could be a
Duffy-associated determinant for which no antiserum
exists or, alternatively, a determinant unrelated to
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the Duffy blood group system. Identification of the
chemical basis of the Duffy blood group system may
clarify the nature of the determinant for invasion.
The determinants for invasion by P. knowlesi

and P. vivax are similar but probably not identical.
Duffy-negative humans and the New World monkey,
Cebus apella, are resistant to both types of malaria.
Both infect other New World monkeys and higher
apes. P. vivax, however, is unable to infect Old
World monkeys, the natural host of P. knowlesi.
This difference may reflect slightly different require-
ments for surface receptors.

I can only speculate as to the function of the Duffy
blood group system in invasion by P. knowlesi and
P. vivax and why Duffy negative erythrocytes are
resistant. Duffy-negative erythrocytes do not have
an intrinsic membrane defect since they are
susceptible to invasion by P. falciparum. Observa-
tion of the interaction between Duffy-negative
erythrocytes and P. knowlesi merozoites has demon-
strated that the erythrocytes deform after contact
but that the merozoites do not undergo the third
stage in invasion, endocytosis (8). One explanation
for these observations is that two receptors, one
for attachment and one for endocytosis, may be
required. Alternatively, the merozoite may dissociate
from a low affinity receptor during endocytosis.

Evidence for differences in erythrocyte receptors for
invasion by P. falciparum and P. knowlesi
It was assumed that the surface determinants for

invasion by P. falciparum and P. knowlesi would
differ, since Negroes who are Duffy negative are
susceptible to P. falciparum. With the recent advances
in in vitro cultivation of P. falciparum, it has been
possible to compare the erythrocyte surface deter-
minants required for invasion by P. fakciparum and
P. knowlesi (26). Human erythrocytes lacking blood
group determinants (ABO null, Rh null, Kell null, Jk
(a-b-), Lu(a-b-), Tn, Ge(a-), S-s-U-, En(a-) and
Fy (a-b-)) were all susceptible to invasion. This
included Duffy-negative erythrocytes (Fy(a-b-)) .that
are resistant to infection by P. knowlesi.
The pattern of resistance of enzyme-treated human

erythrocytes to infection differed for P. falciparum
and P. knowlesi. Chymotrypsin (0.1 mg/ml) treat-
ment blocked infection by P. knowlesi but had no
influence on infection by P. falciparum. Conversely,
trypsin caused a marked reduction in infection by
P. falciparum but little or no change in susceptibility
to P. knowlesi. The differential effect of enzymatic
cleavage of determinants from the erythrocyte

surface on invasion by these parasites suggests that
P. falciparum and P. knowlesi interact with different
determinants on the erythrocyte surface. Further-
more, the falciparum receptor is probably a trypsin-
sensitive protein or glycoprotein.

Problemsfor chemical characterization of the recogni-
tion system between merozoites and erythrocytes
Erythrocyte receptor. All studies to date on the

erythrocyte receptor have utilized one strategy,
i.e., the relative susceptibility or resistance of various
erythrocyte preparations to merozoite invasion.
The erythrocytes were enzyme treated, antibody
coated, from different hosts, and of different blood
types. Although this work is the basis for the concept
of receptor specificity and suggests candidate
receptors, the approach probably cannot prove the
chemical nature of the receptor itself. Unfortunately,
an assay system for the receptor is not available.
The approach to such a system might include the
inhibition of invasion by soluble or membrane-
bound determinants, the binding of labelled deter-
minants to merozoites, or the invasion of non-
receptor cells coated with the candidate receptor.
However, a negative result in any assay system could
reflect a failure in the assay system itself rather
than the wrong determinant. A suggestion that
inhibition assays may be insensitive derives from
studies with ghosts from susceptible human erythro-
cytes (F. M. McAuliffe & L. H. Miller, unpublished
data, 1977). These ghosts did not block invasion of
normal human erythrocytes by P. knowlesi mero-
zoites even though there were 10 times as many
ghosts as test erythrocytes. Furthermore, vesicles
derived from ghosts disrupted ultrasonically did not
reduce invasion. It was observed that merozoites
attach to ghosts but rapidly detach, and would then
be available for invasion of susceptible erythrocytes.

Merozoites. The merozoite is completely sur-
rounded by a surface coat that extends 20 nm from
the plasma membrane (12). The coat is susceptible
to tryptic digestion. The chemical nature of the coat
and the group responsible for its attachment to the
erythrocyte are unknown. Work with merozoites
presents a number of experimental problems: they
cannot be obtained in large numbers and have
limited viability (10-15 min) as indicated by their
inability to attach to susceptible erythrocytes.

Isolation of the attachment phase of the merozoite-
erythrocyte interaction from subsequent events in the
invasion sequence. Most studies of invasion measure
the end product of interaction, i.e., infected erythro-
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cytes. If the attachment phase could be isolated, it
would be possible to identify receptor specificity
independent of other abnormalities in the invasion
sequence.

WIDESPREAD DEFORMATION

The widespread deformation of the erythrocyte
membrane that occurs after contact between mero-
zoite and erythrocyte cannot be caused by the
physical pressure of the merozoite on the erythrocyte.
The merozoite has limited motility on a glass surface
and would be further limited in a low-friction
liquid medium. The widespread deformation from
the point of contact suggests that the merozoite
releases a substance that perturbs the erythrocyte
membrane. Since deformation occurs only after
contact between the apical region of the merozoite
and the erythrocyte, the substance probably derives
from the organelles (rhoptries and micronemes) in
the apical region. In a related organism, Besnoitia
jellisoni, the rhoptries have a tubular extension to
the exterior through the apical end of the conoid
(13). Attachment may signal release of a substance
by the merozoite. Methods for the isolation of
rhoptries and micronemes and the chemical composi-
tion of a histidine-rich polypeptide from P. falcipa-
rum are discussed elsewhere in this issue (see pp. 191-
197) (14).
The erythrocyte membrane components involved

in the deformation are unknown. It can be stated,
however, that membrane deformation occurs in
resealed ghosts that lack ATP (S. J. Mason et al.,
unpublished data, 1976). Therefore, the deformation
is not energy dependent. It may represent a con-
formational change in the spectrin network on the
inner surface of the erythrocyte membrane (15).

ENTRY OF THE PARASITE INTO THE ERYTHROCYTE

The parasite enters by a localized invagination of
the erythrocyte membrane. A description of this
event can be found in the detailed ultrastructural
studies of Ladda et al. (16) and Bannister et al. (17)
and the light-microscopic studies of Dvorak et al. (5).
I can only speculate on possible mechanisms of entry
from the observations in these studies; there are
three:

1. The merozoite releases a mediator that induces
endocytosis. Since the merozoite is attached at the
apical region, the merozoite is pulled inside the
vacuole. Endocytosis is a normal function of erythro-
blasts for the transport of iron (18). Under normal

conditions endocytosis does not occur in mature
erythrocytes. However, amphiphilic cationic mole-
cules such as primaquine produce cup-shaped
erythrocytes that contain endocytotic vesicles (19,
20). Concanavalin A also induces endocytotic
vesicles in mature erythrocytes of newborn infants
(21). Therefore, it is not inconceivable that the
parasite could induce the formation of endocytotic
vesicles. Evidence that this may occur derives from
ultrastructural studies of invasion by malaria and
related protozoa. Small vesicles are seen to form
under the host cell plasma membrane at the apex
of the invagination during invasion by Plasmodium
(17) and Eimeria spp. (22).

2. The merozoite pushes in the erythrocyte
membrane. This would require a point of purchase
between the merozoite and the erythrocyte. The
point of attachment between merozoite and erythro-
cyte would move towards the posterior as the mero-
zoite passed through the orifice of the erythrocytic
vacuole.

3. A zipper-like attachment between the mero-
zoite and the erythrocyte surface. Since the apical
region always enters first, the complete attachment
could only be initiated from the apical region and
then only after the widespread deformation of the
erythrocyte membrane. Of the three theories, this
seems least likely to explain the observed events.
In ultramicrographs, there is always a space between
the merozoite membrane and the erythrocyte
membrane, within the vacuole during invasion (16,
17).

SEALING OF THE ERYTHROCYTIC VACUOLE

Indirect evidence suggests that the invaded
erythrocyte will swell and lyse if the orifice of the
vacuole is not sealed soon after invasion. The
erythrocyte swells and lyses in the following situa-
tions when the orifice of the vacuole is blocked:

(a) Invasion by a merozoite that is still attached
to its residual body. The merozoite is within the
vacuole while the attached residual body remains
outside the erythrocyte.

(b) Invasion by a merozoite agglutinated with
immune serum to extracellular merozoites.

(c) Partial invasion of Duffy-negative erythrocytes
by P. knowlesi merozoites. Although most Duffy-
negative erythrocytes are resistant to invasion,
rarely a P. knowlesi merozoite will partially invade
an erythrocyte. Instead of taking 20 seconds for the
entry phase, the merozoite slowly enters over many
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minutes. In this situation, the merozoite only
partially enters the erythrocyte and the erythrocyte
swells and lyses.

In addition to the above evidence for the import-
ance of sealing, Dvorak et al. (5) occasionally
observed crenation and swelling of infected erythro-
cytes. This process was accompanied by rapid
spinning of the merozoite in a discrete, localized
area within the developing spherocyte. These
authors suggested that the spinning was caused by
the rapid passage of fluid through the orifice, around
the parasite and through a membrane lesion. The
membrane lesion would permit the free movement
of salts and water but not protein.

In conclusion, I would suggest the following
model for invasion. Merozoites attach to erythro-
cytes by specific receptors that determine the host
cell range for each species of malarial parasite. The
attachment triggers the parasite to release a chemical
mediator that induces deformation and endocytosis
of the erythrocyte membrane. The attached mero-
zoite is then pulled within the endocytotic vacuole.

This model is analogous to the action of glycoprotein
hormones (23) or cholera toxin (24,25) where one
peptide determines cell specificity (i.e., binding to
the surface of the target cells) and the other induces
the membrane changes (i.e., the action of the hor-
mone or toxin on the cell). In malaria, the system
is more complicated because the interaction is
between two cells (the parasite and the host) in
contrast to the interaction between a protein and a
target cell.
The above discussion is an attempt to develop

hypotheses for observed events from limited and
usually indirect data. These will undoubtedly be
modified as more direct information becomes
available. The movement of the merozoite through
the extracellular fluid from one erythrocyte to
another may be a vulnerable stage of the parasite's
life cycle suitable for chemical or immunological
intervention. Since both the clinical disease and
mosquito infection derive from erythrocytic infec-
tion, both the disease and transmission could be
eliminated by blocking this stage in the life cycle.

RtSUME'
HYPOTHESES SUR LES MECANISMES D'INVASION DES ERYTHROCYTES PAR LES MEROZOITES

DU PALUDISME

L'invasion des erythrocytes par les m6rozoltes de
Plasmodium knowlesi se fait en plusieurs etapes: fixation,
large deformation de la membrane erythrocytaire,
endocytose, et, A nouveau, soudure de la membrane ainsi

que de la vesicule. L'article propose des hypotheses sur
les mecanismes regissant ces phenomenes, et etudie en
detail le r6le joue par le systeme Duffy dans l'invasion
des erythrocytes.
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