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Egress of four important alphaherpesviruses, equine herpesvirus 1 (EHV-1), herpes simplex virus type 1
(HSV-1), infectious laryngotracheitis virus (ILTV), and pseudorabies virus (PrV), was investigated by electron
microscopy of infected cell lines of different origins. In all virus-cell systems analyzed, similar observations
were made concerning the different stages of virion morphogenesis. After intranuclear assembly, nucleocapsids
bud at the inner leaflet of the nuclear membrane, resulting in enveloped particles in the perinuclear space that
contain a sharply bordered rim of tegument and a smooth envelope surface. Egress from the perinuclear
cisterna primarily occurs by fusion of the primary envelope with the outer leaflet of the nuclear membrane,
which has been visualized for HSV-1 and EHV-1 for the first time. The resulting intracytoplasmic naked
nucleocapsids are enveloped at membranes of the trans-Golgi network (TGN), as shown by immunogold
labeling with a TGN-specific antiserum. Virions containing their final envelope differ in morphology from
particles within the perinuclear cisterna by visible surface projections and a diffuse tegument. Particularly
striking was the addition of a large amount of tegument material to ILTV capsids in the cytoplasm. Extra-
cellular virions were morphologically identical to virions within Golgi-derived vesicles, but distinct from virions
in the perinuclear space. Studies with gB- and gH-deleted PrV mutants indicated that these two glycoproteins,
which are essential for virus entry and direct cell-to-cell spread, are dispensable for egress. Taken together, our
studies indicate that the deenvelopment-reenvelopment process of herpesvirus maturation also occurs in
EHV-1, HSV-1, and ILTV and that membrane fusion processes occurring during egress are substantially
different from those during entry and direct viral cell-to-cell spread.

Herpesviruses are large DNA-containing enveloped viruses
that replicate in the nuclei of infected cells. Based on biological
parameters and sequence data, the family Herpesviridae is di-
vided into the subfamilies Alpha-, Beta-, and Gammaherpesviri-
nae (58). Despite their biological diversity, many steps of her-
pesvirus morphogenesis seem to be conserved. Attached
herpesvirus virions penetrate the cell membrane by direct fu-
sion between the viral envelope and the plasma membrane,
and the deenveloped nucleocapsids reach the nucleopores by
movement along cellular microtubuli, where the genomic
DNA is released into the nucleus (19, 50, 51, 52). Progeny
nucleocapsids assemble in the nucleus and exit this compart-
ment by budding at the inner nuclear membrane into the
perinuclear space (35, 47). The subsequent events of envelop-
ment and egress remain controversial. Whereas for herpes
simplex virus type 1 (HSV-1), a model that entails vesicular
transport of enveloped virions through the secretory pathway
with concomitant in situ modification of virion glycoproteins
was initially proposed, for varicella-zoster virus (VZV), pseu-
dorabies virus (PrV), and human cytomegalovirus (HCMV), a
pathway involving deenvelopment of perinuclear virions by
fusion at the outer leaflet of the perinuclear cisterna and sec-
ondary envelopment of intracytoplasmic capsids in the trans-

Golgi area has been described (2, 6, 10, 11, 15, 19, 24, 25, 43,
49, 59, 61). Recent biochemical studies of HSV-1 were also
consistent with a deenvelopment-reenvelopment pathway (3,
60). The majority of reports on the ultrastructure of herpesvirus
replication concentrate on the human alphaherpesviruses
HSV-1, HSV-2, and VZV and the porcine pathogen PrV (5, 8,
12, 14, 15, 19, 21, 22, 30, 31, 47, 51, 57, 59). In addition,
morphogenesis of the betaherpesvirus HCMV has been stud-
ied in some detail (16, 17, 42, 43, 55, 56). In contrast, morpho-
genesis of many important animal pathogens, such as gallid
herpesvirus 1 (infectious laryngotracheitis virus [ILTV]) and
equine herpesvirus 1 (EHV-1), has only incompletely been
analyzed ultrastructurally. In particular, no comprehensive
comparative analysis has been performed under conditions as
identical as possible for the different viruses. Therefore, in our
electron microscopy (EM) study, different steps of replication
of EHV-1, HSV-1, ILTV, and PrV were analyzed in cell cul-
ture, focusing on the events during virus egress.

MATERIALS AND METHODS

Cells and viruses. The pathogenic wild-type EHV-1 strain Rac L11 was prop-
agated on RK13 or Edmin337 cells (38). Cells were infected at a multiplicity of
infection (MOI) of 0.5 to 1 and incubated at 37°C. HSV-1 strain HFEM was
generously provided by A. Minson, University of Cambridge, Cambridge, United
Kingdom. African green monkey kidney (Vero), BHK21, and Hep-2 cells were
infected with an MOI of 0.1 and incubated at 37°C. PrV strain Kaplan (26) was
propagated as previously described (19, 37). The in vitro and in vivo growth
properties of the pathogenic ILTV strain A489 (kindly provided by D. Lütticken,
Intervet International, Boxmeer, The Netherlands) have been reported previ-
ously (13). A chicken hepatoma cell line, LMH (27) (obtained from D. N.
Tripathy, University of Illinois, Urbana), was propagated in minimum essential

* Corresponding author. Mailing address: Institute of Infectology,
Friedrich-Loeffler-Institutes, Federal Research Centre for Virus Dis-
eases of Animals, Boddenblick 5A, D-17498 Insel Riems, Germany.
Phone: 49-38351-7206. Fax: 49-38351-7151. E-mail: Harald.Granzow
@rie.bfav.de.

3675



medium supplemented with 10% fetal calf serum. Confluent cell monolayers
were infected with ILTV at an MOI of 1. After 2 h at 37°C, the inoculum was
replaced by fresh medium that contained only 5% fetal calf serum. gB and gH
deletion mutants of PrV were propagated on complementing cells as described
previously (1, 37). For EM, noncomplementing cells were infected with
transcomplemented virions at an MOI of 1 and analyzed 16 h postinfection (p.i.).

EM. For routine EM, noninfected and infected cell cultures in petri dishes or
T75 culture flasks (Costar) were fixed at different times after infection (8, 12, 14,
16, or 18 h p.i.) for 60 min with 2.5% glutaraldehyde buffered in 0.1 M Na-
cacodylate (300 mosmol) (pH 7.2) (Merck, Darmstadt, Germany). They were
then scraped off the plate, pelleted by low-speed centrifugation, and embedded
in LMP agarose (Biozym, Oldendorf, Germany). Small pieces were postfixed in
1.0% aqueous OsO4 (Polysciences Europe, Eppelheim, Germany) and stained
with uranyl acetate. After stepwise dehydration in ethanol, cells were cleared in
propylene oxide, embedded in glycid ether 100 (Serva, Heidelberg, Germany)
and polymerized at 59°C for 4 days. For intracellular labeling of the trans-Golgi
network (TGN) protein 38 (44), uninfected porcine kidney (PSEK) cells and
wild-type PrV-infected PSEK cells were fixed with 0.5% glutaraldehyde in phos-
phate-buffered saline (PBS) (pH 7.2) for 30 min, embedded in LMP agarose
(Biozym), and postfixed in the fixative described above for 30 min. Thereafter,
samples were blocked with 0.5 M NH4Cl in PBS for 60 min, washed in PBS,
stained in 0.5% aqueous uranyl acetate for 15 min, dehydrated in ethanol with a
progressive decrease in temperature, embedded in the acrylic resin Lowicryl
K4M (Lowi, Waldkraiburg, Germany) at 235°C, and polymerized by UV light
(l, 360 nm) (9).

Postembedding labeling of ultrathin sections was performed after blocking of
surfaces with 1% cold water–fish gelatin, 0.02 M glycine, 1% fraction V bovine
serum albumin (BSA; Sigma, Deisenhofen, Germany) in PBS, by either over-
night incubation at 4°C or 2 h of incubation at room temperature with anti-rat
TGN38 serum (44) diluted in PBS-BSA. The antiserum cross-reacts with TGN38
homologous proteins in numerous other species, including pigs (G. Banting,
personal communication). Diluted 10-nm-diameter gold particle-tagged goat
anti-rabbit antibodies or gold particle-tagged protein A (GAR10 or PAG10;
British BioCell, Intl., Cambridge, United Kingdom)-labeled antibodies were
added for 60 min at room temperature, and excess antibodies were removed by
washing. The specificity of the reaction was controlled on uninfected and infected
PSEK cells by using gold conjugate without primary antibody and by using
non-TGN protein-specific antibodies (anti-Newcastle disease virus antibodies;
data not shown).

Ultrathin sections of conventionally embedded material and labeled Lowicryl
sections, counterstained with uranyl acetate and lead salts, were examined with
an electron microscope (EM 400 T; Philips, Eindhoven, The Netherlands).

RESULTS

Egress of capsids from the nucleus. Intranuclear capsids
were found to exit from the nucleus into the cytoplasm by
budding through the inner leaflet of the nuclear membrane
into the perinuclear cisterna. First, these nucleocapsids, as well
as occasionally empty capsids, were observed in intimate con-
tact with the inner nuclear membrane, accompanied by the
appearance of a sharply bordered rim of electron-dense mate-
rial between the nucleocapsid and the membrane at the bud-
ding site. No surface projections could be detected at the
envelope of intracisternal virions. These particles with a
smooth envelope were of nearly identical sizes in all viruses
analyzed and were characterized by a clear halo between the
sharply bordered rim of primary tegument and the nucleocap-
sid (Fig. 1A to D [see Fig. 5A to D]). Sporadically, vesicles that
probably originated from budding of condensed tegument into
the perinuclear cisterna without capsids were observed (Fig.
1I).

Capsids were released from the perinuclear space by fusion
of the primary envelope with the outer leaflet of the perinu-
clear cisterna as previously shown for PrV (Fig. 1H) (19) and
demonstrated here for the first time for EHV-1 (Fig. 1E) and
HSV-1 (Fig. 1F and G). In Fig. 1G, primary envelopment and
deenvelopment of HSV-1 were observed adjacent in a single

thin section. Occasionally, capsidless intracisternal L-particles
were also found to fuse with the outer cytoplasmic leaflet of the
perinuclear cisterna (Fig. 1J). In rare cases, intracisternal cap-
sids were also found to be released after vesiculation at the
outer leaflet followed by fusion of the particle envelope with
the vesicle membrane in the vicinity of the Golgi apparatus
(19; data not shown).

Secondary envelopment and virus egress. Deenveloped in-
tracytoplasmic nucleocapsids were detected in the Golgi area
adjacent to or partially wrapped by membranes, as shown for
EHV-1 (Fig. 2A), HSV-1 (Fig. 2B and 3A), ILTV (Fig. 2C),
and PrV (Fig. 2D) (19). This secondary envelopment process
resulted in intravesicular enveloped virus particles (Fig. 2E to
H). In ILTV, the addition of enormous amounts of tegument
material (Fig. 2C and G and 3B) was particularly noteworthy.
This excess tegument was also present in extracellular virions
(Fig. 5K), but was never observed in perinuclear virus particles
(Fig. 5C). Labeling of PrV-infected porcine kidney cells with a
TGN-specific antiserum directed against the cytosolic domain
of rat TGN38 (44), which cross-reacts with the porcine ho-
molog, demonstrated that the subcellular compartment in
which secondary envelopment occurred was the TGN (Fig. 4).
Enveloped virus particles resulting from this budding process
through TGN-derived membranes (Fig. 5E to G) were mor-
phologically distinguishable from virions after primary envel-
opment at the inner nuclear membrane (Fig. 5A to D) in all
viruses analyzed. The main difference was the presence of
visible surface projections, which were only observed on the
envelope of virions after secondary budding (Fig. 5E to H).
Furthermore, mature particles frequently exhibited a spherical
shape with various diameters. In EHV-1, HSV-1, and PrV
particles, the tegument showed a lower electron density and
not the sharply bordered arrangement observed in virions after
primary envelopment. Thus, mature intravesicular EHV-1,
HSV-1, and PrV particles were characterized by a slightly
varied diameter, distinct surface projections, and a diffuse teg-
ument (Fig. 5E to G). Because of the incorporation of highly
variable amounts of tegument into ILTV virions, the shapes
and diameters of the resulting virus particles were irregular,
and the position of the nucleocapsid inside the virion fre-
quently was strikingly eccentric (Fig. 2C and G and 5K), in
contrast to the situation observed in the other viruses.

In all cells producing EHV-1, HSV-1, ILTV, or PrV, forma-
tion of virus particles lacking nucleocapsids (L-particles), cov-
ered by distinct surface projections, was regularly observed, but
it appeared to be most striking in ILTV, due to the packaging
of sometimes enormous amounts of tegument (Fig. 3B) com-
pared to, e.g., HSV-1 infection (Fig. 3A). After secondary
envelopment, either single mature virions or L-particles were
located in Golgi vesicles (Fig. 2E to H), or virions accumulated
in larger vacuoles (not shown). Egress of virus progeny oc-
curred by exocytosis of virus-containing vesicles in all viruses
analyzed (Fig. 2I to L).

In summary, for all viruses analyzed, enveloped particles
inside the perinuclear cisterna clearly differed in ultrastructure
from secondarily enveloped virions inside Golgi-derived vesi-
cles and released extracellular virions. In contrast, virions in-
side Golgi vesicles and extracellular virions were morphologi-
cally indistinguishable (Fig. 5).
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FIG. 1. Exit of nucleocapsids from the nucleus. Enveloped EHV-1 (A), HSV-1 (B), ILTV (C), and PrV (D) particles in the perinuclear cisterna
are shown. Release of EHV-1 (E), HSV-1 (F), and PrV (H) from the nuclear cisterna results from direct fusion. Simultaneous observation of
primary envelopment (arrowhead) and deenvelopment (arrow) of HSV-1 particles is demonstrated in panel G. Capsidless HSV-1 particles
(arrowhead) in the perinuclear cisterna (I) and fused with the outer lamella of the nuclear membrane (J [arrowhead]) were also observed. The
bars represent 150 nm in panels A to F and H and 200 nm in panels G and I. N designates the nucleus.
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FIG. 2. Secondary envelopment and virus egress. Envelopment of EHV-1 (A), HSV-1 (B), ILTV (C), and PrV (D) at membranes of the
trans-Golgi area. Particles of EHV-1 (E), HSV-1 (F), ILTV (G), and PrV (H) within Golgi vesicles are shown, as is egress of EHV-1 (I), HSV-1
(J), ILTV (K), and PrV (L) by fusion of vesicles with the plasma membrane. The bars represent 150 nm in panels A to K and 250 nm in panel L.
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FIG. 3. Overview of Vero cells infected with HSV-1 (A) and LMH cells infected with ILTV (B). The inset shows the formation of an ILTV
L-particle. The bars represent 1.5 mm in panels A and B and 150 nm in the panel B inset.
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Glycoprotein requirements for virus egress. Fusion of the
envelope of extracellular virus particles with the cell mem-
brane is one of the initiating events of herpesvirus infection.
For this process, the presence of gB and gH has invariably been
shown to be necessary (51), whereas the absence of gD and gL
can be tolerated in the presence of compensatory mutations
(28, 48, 49). Moreover, gB and gH are strictly required for
direct viral cell-to-cell spread and for membrane fusion after
transient expression (29, 33). Since the egress of perinuclear
virions into the cytoplasm requires fusion of the primary en-
velope with the outer leaflet of the nuclear membrane, we
analyzed whether gB- or gH-deleted virus mutants are defec-
tive at this step in virion morphogenesis. To this end, non-
complementing RK13 cells were infected with transcomple-
mented gB (PrV-gB2) or gH deletion mutants (PrV-gH2) of
PrV. As shown in Fig. 6, all stages of virion morphogenesis
were observed irrespective of the absence of gB (Fig. 6A) or
gH (Fig. 6B). These included budding into the perinuclear
space, the presence of intracytoplasmic nucleocapsids, and ob-
servation of numerous apparently fully enveloped virus parti-
cles outside the cell. Thus, we conclude that fusion during
egress is effected by mechanisms fundamentally different from
fusion during entry or direct cell-to-cell spread.

DISCUSSION

In this study, egress of EHV-1, HSV-1, and ILTV was ana-
lyzed by EM and compared with previous results with PrV (19)
to obtain a comprehensive picture of similarities and differ-
ences in alphaherpesvirus replication. Although cell lines of
different origins (porcine, equine, chicken, and primate) were
analyzed, no cell-specific effects on the ultrastructure of virus
morphogenesis were detected; rather, morphogenesis gener-

ally proved to be very similar. Exit of capsids from the nucleus
started by budding at the inner nuclear membrane, resulting in
acquisition of a primary envelope. This event was observed for
each of the four virus species investigated. Since virions appar-
ently did not accumulate in the perinuclear cisterna, we assume
that the passage through the two leaflets of the nucleus is a
rapid process. Comparison of micrographs of the four viruses
analyzed showed that, under identical preparative conditions,
all virus particles within the perinuclear cisterna exhibit the
same morphology. This is an important observation, since dif-
ferent preparative conditions may affect virus morphology and
therefore falsify the results (35, 41). The centrally located
nucleocapsid is surrounded by an electron-lucent halo, a
sharply bordered rim of uniform thickness of primary tegu-
ment and a smooth envelope without surface projections. In
addition, primarily enveloped virions exhibit a uniform diam-
eter. Surprisingly, budding of tegument material into the pe-
rinuclear cisterna without associated capsids was also detected,
resulting in perinuclear L-particles. This indicates that the
presence of capsids is not a prerequisite for budding.

The following steps of maturation of virions located in the
perinuclear cisterna are still controversial. One model, devel-
oped for HSV-1, proposes a single budding event of nucleo-
capsids at the inner leaflet of the nuclear membrane, followed
by virion transport inside vesicles through the secretory path-
way to the Golgi complex and exocytosis at the cell surface (6,
7, 11, 24, 47). Another model proposes deenvelopment of
virions during transit through the outer leaflet of the perinu-
clear membrane and a secondary envelopment step in the
trans-Golgi region. The latter model is primarily supported by
results with Epstein-Barr virus, PrV, VZV, and HCMV (8, 15,
18, 19, 25, 34, 36, 43, 59, 61). Recently, analyses using mutated

FIG. 4. Immunolabeling of TGN38 protein. Ultrathin sections of Lowicryl-embedded PrV-infected porcine kidney cells were processed as
described in Materials and Methods and incubated with two different dilutions (A, 1:100; B, 1:1,000) of anti-TGN38 serum (44) followed by
10-nm-diameter gold particle-tagged secondary antibodies. The bars represent 250 nm.
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HSV-1 glycoproteins also yielded results that were congruent
with the deenvelopment-reenvelopment model (3, 60).

Micrographs from areas near the perinuclear cisterna indi-
cated that all viruses studied exit the nucleus primarily by
deenvelopment at the cisterna. We are aware of the fact that
static electron micrographs do not prove the directionality of
the observed processes. However, in this report, we show for
the first time fusion stages of EHV-1 and HSV-1 capsids with
the outer leaflet of the nuclear membrane, which parallels
previous findings with PrV (19). These fusion processes are
essential for the deenvelopment-reenvelopment model, and
their observation lends further support for this pathway of
alphaherpesvirus egress. Only occasionally does vesiculation
seem to occur. Secondary envelopment of released nucleocap-
sids occurred at membranes of the trans-Golgi area, as shown
by immunolabeling of the TGN-resident protein 38. Accumu-
lations of enveloped virions in structures resembling endo-
somes or lysosomes, as described for HSV-1 (4), were not
observed. Moreover, the ultrastructure of virions in Golgi-

derived vesicles differed from that of particles in the perinu-
clear cisterna. The most prominent differences were the en-
larged and less dense tegument and the presence of surface
projections at the envelope, which resembled the projections
seen on mature extracellular virions. Ultrastructural differ-
ences between particles in Golgi vesicles and the perinuclear
cisterna were previously described for ILTV (20) and for the
betaherpesvirus human herpesvirus 6 (46).

The most striking difference between the virus species stud-
ied was the large amount of tegument incorporated into ILT
virions during secondary envelopment. This excess tegument
material caused the virions to have varied diameters and irreg-
ular shapes. Since these heavily tegumented virions comprise
the majority of extracellular capsid-containing ILTV particles,
this finding demonstrates that final tegumentation and envel-
opment occur at the TGN. To summarize, our data on EHV-1,
HSV-1, and ILTV are consistent with results published for PrV
and VZV and support a primary envelopment-deenvelopment-
secondary envelopment model for all alphaherpesviruses.

FIG. 5. Morphology of virus particles. Virions in the perinuclear cisterna after primary envelopment: EHV-1 (A), HSV-1 (B), ILTV (C), and
PrV (D); virions in Golgi vesicles after secondary envelopment: EHV-1 (E), HSV-1 (F), ILTV (G), and PrV (H); extracellular virions after virus
egress: EHV-1 (I), HSV-1 (J), ILTV (K), and PrV (L). Bars, 150 nm.
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FIG. 6. Ultrastructure of cells infected with gB or gH deletion mutants of PrV. Noncomplementing RK13 cells were infected with PrV-gB2 (A)
or PrV-gH2 (B) at an MOI of 1 and analyzed 16 h after infection. All stages of virus maturation, including numerous extracellular virus particles,
can be observed. The bars represent 1.5 mm in panels A and B and 500 nm in the insets.
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A notable but poorly understood phenomenon is the forma-
tion of tegument containing particles without capsids or nu-
cleocapsids, designated as dense or L-particles, which had pre-
viously been described for EHV-1, HSV-1, PrV, and HCMV
(23, 32, 45, 53–56). Our analysis demonstrated the existence of
two forms of capsidless particles. One of them was localized
within the perinuclear cisterna, and the other was present
within Golgi-derived vesicles or vacuoles or was at the cell
surface. Therefore, it appears likely that the interaction be-
tween viral tegument and membrane proteins without a need
for the presence of capsids is sufficient for the intranuclear and
intracytoplasmic budding processes.

In HSV-1, fusion of virion envelope and cell membrane
during penetration requires the presence of four viral glyco-
proteins, namely, gB, gD, gH, and gL (51). For PrV, similar
requirements for this fusion process were reported. How-
ever, compensatory mutations may render gD and gL dis-
pensable for this process in PrV, which, as known today,
leaves only gB and gH as strictly necessary for membrane
fusion. This correlates with results from in vitro fusion as-
says after transient expression of PrV glycoproteins, which
indicated that expression of gB and gH resulted in mem-
brane fusion, in particular when a gB mutant with an in-
creased fusogenic potential had been used (29). Therefore,
it was of interest to analyze whether these glycoproteins are
also required for membrane fusion during egress of virus
particles from the perinuclear space. Our data show that
PrV mutants lacking either of the two glycoproteins still mature in
a fashion morphologically indistinguishable from wild-type PrV,
which proves that egress from the perinuclear space proceeds
without these fusogenic glycoproteins and thus is distinct from
other virus-induced membrane fusions. Concerning the results
obtained with PrV-gH2, our data parallel those described previ-
ously by others (40). However, our findings on unimpaired virion
morphogenesis in PrV-gB2 contrast with previous reports that
seemed to indicate that PrV-gB2 virions accumulated in the peri-
nuclear space, leading to the hypothesis that gB is required for
virion exit from the nucleus (39). Our data show that gB is not
required for egress. So far, the reason for these differences in
observations is unclear, but it should be noted that different mu-
tations were present in the virus mutants. Whereas Peeters et al.
inserted a premature stop codon into the gB gene, but otherwise
retained all coding sequences for gB (39), we used a gB deletion
mutant that lacks most of the gB open reading frame (37).

In summary, this report provides the first comprehensive
comparative ultrastructural analysis of the egress of four dif-
ferent alphaherpesviruses. Extensive electron microscopical
analysis of infected cells, prepared by identical methods and
under identical conditions, yielded comparable results between
the viruses in terms of morphogenetic steps in cultured cells.
The main stages of the egress process of EHV-1, HSV-1,
ILTV, and PrV, as visualized by electron microscopy, were
similar between the different virus species. Further studies will
be aimed at understanding in detail the molecular mechanisms
involved in egress and the elucidation of common functions of
the participating viral gene products.
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