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Abstract

The RNA viruses replicate as complex distributions of closely related genomes termed viral quasi-
species. The behavior of the evolving quasispecies and its response to selective pressures such as
antiviral treatment is influenced by the ensemble of mutants that compose the viral population. One
such influence is the presence of minority subpopulations in the mutant spectra of viral quasispe-
cies. Biologically relevant mutants have long been known to be present as minority components of
replicating viral populations. However, experiments designed with specific mutants of the animal
pathogen foot-and-mouth disease virus in cell culture explained the presence of a class of minority
genomes termed memory genomes. They descend from those variants that were dominant at an
earlier phase of quasispecies evolution, and arise as a consequence of quasispecies dynamics, when
viral populations are subjected to discontinuous selective pressures. The presence of memory ge-
nomes has also been documented during intrahost evolution of HIV-1 in vivo. The analysis of sequen-
tial viral samples of different HIV-1-infected patients showed that two distinct types of memory can
operate in retroviruses: a replicative memory analogous to that observed in foot-and-mouth disease
virus, as well as a reservoir memory derived from the integrative phase of the retroviral lifecycle.
Despite being hidden as minority components of the HIV-1 viral population (ranging from about
0.1 to 20% of the total number of genomes in the quasispecies analyzed), memory genomes can
drive the evolution of the virus during HIV-1 infections under antiviral therapy. The limited availabil-
ity of current experimental data on minority HIV-1 subpopulations in vivo implies that further studies
are required in order to define the cutoffs of clinically relevant minority genomes. Nevertheless, it is
already evident that such low-abundance genomes remain undetectable by traditional genotyping
methods such as consensus sequencing or conventional hybridization techniques. Several experi-
mental systems are currently available for the detection and characterization of minority components
of the mutant spectra of viral quasispecies including HIV, hepatitis C virus and hepatitis B virus.
Some of these biotechnological approaches could, in the near future, be taken over and exploited in
the clinical setting as useful biosensors with which to improve the management of HIV-infected pa-
tients. (AIDS Rev. 2008;10:93-109)
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copied, due to absent or low proofreading activity in
their DNA-dependent RNA polymerases (reverse tran-
scriptases, in retroviruses including HIV), or their RNA-
dependent RNA polymerases (in the case of ribovi-
ruses such as hepatitis C virus)'2. As a consequence,
RNA viruses evolve as highly heterogeneous popula-
tions that contain particles with closely related but non-
identical genomes. Such a complex population struc-
ture is termed “viral quasispecies’®®. Quasispecies
dynamics is characterized by a continuous process of
mutant generation, competition and selection, resulting
in the dominance of one or several most-fit genomes
surrounded by a mutant spectrum’, as depicted in
figure 1. Quasispecies structure and large population
sizes allow RNA viruses to react quickly to selective
pressures exerted either by the immune system of the
host, or by the administration of antiviral drugs or
monoclonal antibodies (MAD)8°.

Several decades of experimental research on differ-
ent RNA virus families, as well as the development of
detailed mathematical models, have documented that
the target of evolutionary selection is the whole viral
population rather than individual viral particles*>79-12,
Indeed, recent computer simulations of molecular
quasispecies dynamics have shown that the adaptive
behavior and fate of evolving quasispecies cannot be
explained by the features of any particular genome in
the mutant spectrum, not even those of the most
abundant one. Quasispecies behave as the result of a
collective search through the sequence space of the
population as a whole, whose properties are distributed
and delocalized among the mutants that compose the
quasispecies's. Therefore, the evolution of viral quasi-
species, such as HIV, hepatitis C virus (HCV), hepatitis
B virus (HBV), influenza viruses, and other important
human pathogens, as well as their response to selec-
tive pressures exerted by antiviral treatment is influ-
enced by the complexity of the ensemble of mutants
that compose the evolving population. As a conse-
quence, the investigation of the effects thatfh internal
structure of the quasispec Qr@acfets 6h thm
genesis is becoming an issue of major interest in
VirO|Ogy6’12’14'16.

In particular, it is currently recognized that although
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infections'7-23, the shifts in HIV-1 coreceptor tropism at
different phases of the infection®*, the evolution of HIV-1
antiviral drug resistance® and the reemergence of
HIV-1 genomes after treatment interruptions-4. A
relevant example of the key role of minority HIV-1
genomes in the further clinical evolution has been
recently underlined*#’. These studies have documented
the lack of sensitivity to nevirapine (NVP) and other
nonnucleoside reverse transcriptase inhibitors (NNRTI)
in pregnant women whose HIV-1 quasispecies har-
bored minority subpopulations (undetectable by con-
ventional methods) of NNRTI-resistant genomes. In
certain cases the effect of such low abundance,
hidden viruses was magnified by the fact that the
single dose NVP given at the time of delivery could
have been inactive and therefore unable to prevent
vertical transmission of HIV.

Here we review some biological consequences of
minority genomes and the main methods available to
detect them, with emphasis on our own work on a class
of minority genomes termed “memory genomes”. The
initial experiments involved measurements of the fre-
quencies of specific mutants of foot-and-mouth disease
virus (FMDV) that after gaining dominance in the
population, decreased in frequency to levels that could
not be accounted for by mere mutational pressure on
the parental genome. Such history-dependent minority
genomes reflected those that were dominant at an
earlier evolutionary phase of the same lineage. For this
reason, they were called memory genomes*49,
Memory genomes were also identified in HIV-1 in
vivo>®3! and, although undetectable by conventional
genotypic methods, such HIV-1 minority genomes can
drive the evolution of the viral population and its further
response to antiviral treatment®?.

Memory in viral quasispecies: history-
dependent, persisting minority genomes

The presence of memory genomes as a result of
QJAQ@EE@QME&MS fovided an interpretation for
the origin of a class of minority genomes. Memory
inority genomes that might be
the result of coinfections followed by intrahost compe-

traditionally ignored, minwymmfsme rrlwme V\}dpmewﬂr ﬁ@'ﬁfmgsr[s@ﬁ from reactivation as a

mutant spectra of viral quasispecies may play a bio-

consequence of a secondary infection or reinfection,
at result from a prior selection event that

logical role with relevant consequences mi_Ieiwagjb Lmtl]&q@&
setting. The reported clinical influenc | the future composition of a single viral

abundance subpopulations within viral quasispecies

population. Because of its origins, memory is an asset
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Figure 1. Schematic representation of viral quasispecies dynamics. Individual genomes within the mutant spectrum are depicted as horizon-
tal lines, and different mutations as symbols on the lines. The consensus or average sequence reflects the most abundant nucleotide at each
position. The effect of replication regime on fitness variation is shown: large triangle represents the extensive replication of the quasispecies
(equivalent to a large population passage in vitro) that originates a new quasispecies and generally results in fitness increase; small arrows
indicate replication steps with consecutive bottlenecks (equivalent to plaque-to-plaque transfers in vitro) that result in the fixation of the
mutations present in the parental genome and are usually accompanied by a fitness decrease. Bottleneck replication is produced in vivo
when a selective pressure (e.g. in the form of antiviral treatment) is applied on the quasispecies (e.g. HIV-1), making the drug resistance

mutations detectable in the consensus sequence of the virus.

system of vertebrates, which includes subsets of
T-cells, termed memory cells, capable of being ampli-
fied in response to an antigenic stimulus that had been
experienced at an early phase by the organism (for a
review of immunologic memory see®).
However, the term “memory” can ha nother
meaning for viruses. Inde Qeﬁayta@ﬁﬁ}
the biological history of the virus that has shaped a
genome organization, and its sg
gions and encoded proteins. It is very difficult, if not

el

long-term memory, as important as it is to understand
virus origins®, is not the objective of this review. It is
the short-term memory in viruses, which is a consequence
of quasispecies dynamics, that may have implications
for viral diagnosis and treatment of the infected patient

E)r]j that is summarized, here.
W%a&%é‘emmory found? To test wheth-

er RNA virus quasispecies were endowed with short-

of) @ouae e @h@t&@@@wm@sms, well-defined traits that could

serve as memory markers, together with controlled

impossible, to decipher tkw?pla@t[jkthlﬁh%capﬂ@]s V\jerdf)tttt@ﬁarpﬁﬁpﬁefgs\ygﬁ needed. These require-

that shaped viral genomes as we know them.! Among ments were

ed by an important ribovirus pathogen

other reasons this is because virology, as aE ﬁrgﬁéri- LLEL-gjﬁéﬁrved as a model system for evolutionary
mental science, is only slightly more thaQ n np k J'FMDV, a picornavirus with a naked capsid of

tury old, and our capacity to define and compare viral

icosahedral symmetry. A major antigenic site located
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MADb were produced and characterized with regard to
the structure of the epitopes they define and the
capacity of the virus to generate MAb-escape mutants.
One antigenic variant selected with a specific MAb
directed to this antigenic site was used for memory
studies because it showed decreased fitness, and, as
a consequence, it reverted to the wild-type sequence
upon passage in cell culture in the absence of the
antibody. If memory was present, the revertant popu-
lation should contain and maintain within its mutant
spectrum a higher level of the original antigenic variant
than control populations. This was indeed found to
be the case®, and figure 2 displays schematically the
main molecular events underlying FMDV memory, ac-
cording to current experimental evidence. Memory in
FMDV was also found with an independent marker,
an internal oligoadenylate tract present in populations
subjected to repeated bottleneck events. The internal
oligoadenylate tract reverted upon passage of the
virus in cell culture, and again it was found in a sub-
set of memory genomes in the revertant population.
This type of memory is termed “replicative memory”,
and its main features are summarized in table 1
(based on®48-50,525455)

From these experimental results, the relevant ques-
tion raised was: What is the basis of quasispecies
memory? In our view, the key event that determines
this type of memory is the fitness increase experienced
by the mutant genomes, that will later become memory
genomes, when they replicate under the conditions (a
specific selective pressure exerted for instance by a
MAb or antiviral drug) that render such mutant ge-
nomes dominant (Fig. 2). Indeed, it has been docu-
mented that RNA genome replication in a given envi-
ronment entails fitness gain, measured in that same
environment®®%7 Therefore, since the frequency or
relative amount of subpopulations of viral genomes in
the quasispecies depends on the relative fitness of
such/ subpopulations, memory genomes (maintained
after discontinuation of the selective pressure) will be
present at a higher frequ&j@ @aﬂﬁ fwj;h
original population. In other terms, as belonging to
the memory class, genomes wiII[t@@p@daU@@dg
higher than they would have had in the absence of the

selection-replication (fitygss: mf'”ﬁﬁéte@lﬂ@rs

model of memory acquisition is consistent with the
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and its gradual decrease followed a strikingly similar
kinetics in several parallel lineages®. Therefore, memory
defines a class of persisting minority genomes, unless
population bottlenecks intervene. The memory levels
in the FMDV lineages studied, defined either with
an antigenic change or an internal polyadenylate as
the memory marker, were 10- to 100-fold larger than the
levels that could be attributed solely to mutational
pressure (that are in the range of 0.01% considering
an average mutation rate of 10 substitutions per
nucleotide copied)'2.

When a viral population, with its memory genomes,
replicates in the same environment in which memory
was generated, both the dominant genomes and the
memory genomes gain fitness in a rather parallel fashion%.
This observation is in agreement with the Red Queen
hypothesis applied to virus replication kinetics, previ-
ously documented with competing vesicular stomatitis
virus populations®®. As a consequence, memory ge-
nomes do not fade away immediately*®®*, but rather
they can remain as a subpopulation of genomes in the
evolving quasispecies, provided no population bottle-
necks intervene. Thus, memory genomes may confer
a selective advantage to a viral population by allowing
the virus to respond more rapidly to a selective con-
straint that was previously experienced by the same
evolutionary lineage. This is of consequence for the
effectiveness of antiviral treatment, as discussed below
for HIV-1 infections. In HIV-1, however, memory ac-
quires new components, derived from the molecular
events that characterize the lifecycle of retroviruses.

Molecular memory in HIV-1 in vivo

The replication cycle of retroviruses is characterized
by an integrative phase as proviral DNA in the nucleus
of the infected target cells. In the case of HIV-1, inte-
grated copies of the viral genome constitute a reservoir
of genetic variants that upon cellular activation, can

ntribyte new mutant distributions to the circulating
Eﬂ @pﬁ@aﬂ ma% quence, several types of
long-lived infected cells (resting CD4* lymphocytes,

bb@b@{@@@ydﬁ rs) in different anatomical com-

partments (including Tymph nodes and the central ner-

V\Ua pb?‘rm?g@pmﬁ reservoirs for HIV-159-64,
iruses in res

ervoirs can evolve more slowly than those

observation that memory levels are fltnessn&ﬁﬁﬁé CUQW%J)n the plasma of the same patient, since
and that population bottlenecks erase p% A copies of HIV-1 genome replicate as cel-

one of the distinctive features of quasispecies memory

lular genes W|th the high fidelity copying inherent to
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Figure 2. Memory in viral quasispecies. The mutant spectrum of the quasispecies is divided into three frequency levels: 1, the most abundant
or majority genomes; 2, minority components at frequencies ranging from about 0.1 to 20% of the total population; 3, quasispecies background
with basal minority components at frequencies < 0.1%, derived from the mutational pressure (see text for details). Initially (A) a genetic
marker (represented by a grey diamond) is present as a mutation encoded in a genome belonging to the basal components of the quasispe-
cies. When this marker is selected (e.g. by an antiviral drug to which the mutation confers resistance), it becomes dominant (B) and the
genomes encoding such mutation increase their average fitness, provided that the selective pressure is operating. If the drug pressure is
discontinued and the quasispecies undergoes extensive replication, the mutants show a selective disadvantage with respect to the revertant
wild-type genomes. However, since mutants encoding the genetic marker experienced a fitness increase while they were dominant, they may
remain at level 2 as replicative memory genomes (C). The detection of minority memory genomes in (C), by means of an experimental
method more sensitive than traditional genotyping techniques, informs about the variants that were dominant earlier in the same evolutionary

lineage and are capable of driving its ensuing evolution.

mechanisms®%. In particular, integrated proviruses
can maintain for months or years the genotypes, either
wild-type or drug-resistant, exhibited when the reser-
voir was occupied. Therefore, HIV-1 genomes present
in a reservoir can act as an archive of viral variants that
may substantially differ from the genotype currently
dominant in the plasma. This eventual discordance is

magnified by two facts: reyerse transori%?%ﬁ) in-
hibitors and other pre-intemﬂ)rﬂﬁtﬂé t bﬁe&u

the integrated proviruses, and some anatomical sites
may provide a barrier to the q’c@@ﬁi@
antiretroviral drugs®26467-70 As a consequence, viruses

i @etenr o

we have called it “reservoir memory”. Therefore, in
HIV-1, two distinct types of molecular memory might
operate in vivo: this reservoir memory, previously
documented in several reports devoted to reemer-
gence of viral variants, as well as a “replicative mem-
ory” analogous to that discovered in FMDV (described
in the previous section) and eventually present.in all
A viruses as a natural consequence of their quasi-
Blicatiaamay be
In order to study the putative existence of these two
h@h@r@@pyymg during HIV-1 infection in vivo,

different cohorts of naive and pretreated patients were

from reservoirs can reen\?\ﬁ?h@%wﬁér Fﬂ‘ﬁy mﬁtf?m@:ﬂgﬁ?ﬁﬁsﬁ\@wg them, a detailed analysis

the circulating quasispecies when selective pres-

was per ected subsets of patients under-

sures' compromise the current plasma HIV—i ;Etﬁl la- Lml(lj&}ﬂfé T at the Hospital Carlos Il (Madrid, Spain),
tion19.22,4045.66.67.71 The reemergence of vira@ q ep I characterized treatment histories showed

from cellular or anatomical reservoirs can be consid-

pronounced alterations in their viral load and/or CD4+
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were collected, plasma viral RNA and/or proviral DNA
was extracted, selected regions from the pol and env
genes were amplified by high fidelity RT polymerase
chain reaction (RT-PCR) or PCR, and sequenced as
previously described?®2%%072° Among them, four infected
patients with unusual responses to their treatment
histories were chosen for further HIV-1 genetic and
phylogenetic analyses.

The first two cases analyzed were examples of res-
ervoir memory in the intrahost HIV-1 evolution®, with
features analogous to those previously reported for vi-
ral reemergence?406667.71 "n turn, the third and fourth
cases documented for the first time the implication of
replicative memory in HIV-1 evolution in vivo, associ-
ated with the maintenance of minority genomes within
the mutant spectrum of the quasispecies®-52,

Reservoir memory was investigated by means of a
phylogenetic analysis of consensus sequences ob-
tained at different time points of the treatment history
(detailed in®). Case 1 documented the reemergence
of wild-type HIV-1 genomes, lacking RT inhibitor resis-
tance mutations such as the multi-nucleoside-resistance
insertion T695SS%873-76 that had been progressively
accumulating in the circulating quasispecies. In this
case, the mobilization of wild-type viruses from cellular
or anatomical reservoirs was probably triggered by the
introduction of a new drug combination, including a
protease inhibitor (PI) to which the insertion-containing
HIV-1 genome dominating in the plasma was sus-
ceptible and less fit than the ancestral genome. The
analysis of a second patient (Case 2) revealed that
reemergence of drug-resistant HIV-1 genomes from
reservoirs can occur in two consecutive rounds, as a
result of treatment interruptions or bad compliance to
the prescribed drug combination. This mechanism of
intrahost HIV-1 evolution based on the reemergence
of genomes from reservoirs has been thoroughly ana-
lyze19-22.4045.50.6687.71 gnd will not be further discussed
in the present review.

In turn, the discovery anjgilmical |m lica £EEof the
second kind of memory, r @atp@rﬁ I-BV@U

quasispecies® 2 deserve a more detailed discussion
here. To evaluate the eventual prr@spﬂ&@diu
memory at different points of the selected treatment
histories, besides the an |
es a detailed phylogenetlc analy8|s was perform

ARG BilD OB e

products and subject to antiviral therapy since 1989
until his death in 1996%. Figure 3a shows a schematic
representation of his treatment history, together with his
plasma viral load and CD4* lymphocyte count evolu-
tion and the time points (1 to 6) where consensus and
clonal sequences were obtained. The analysis of RT
consensus sequences (Fig. 3b) showed that certain
HIV-1 key mutations related to decreased sensitivity to
RT inhibitors were maintained at all time points. Never-
theless, dominance of genomes encoding the multi-
drug resistance (MDR) insertion T69SSS?873-76 was lost
within a six month interval (from 1.95 to 6.95), probably
as a result of the switch from azidothymidine plus zal-
citabine (AZT/ddC) treatment to didanosine monother-
apy. The reintroduction of AZT (in combination with
lamivudine) was associated with the selection, two
months later (sample 4), of a virus whose consensus
sequence contained the RT insert with the genotype
T69SSG. A phylogenetic analysis was performed
with 120 clonal sequences obtained from samples 1
to 6 (Fig. 3c), showing a clear, statistically supported
separation among sequences harboring the dipeptide
insertion (either SS or SG) and those without any RT
insertion. Interestingly, sample 2, which together with
sample 1 had a RT consensus sequence with T69SSS
genotype (Fig. 3b), contained one clone (number 2-17,
representing 5% of the total quasispecies) without RT
insertion. The minority genomes represented by this
clone originated the majority of clones (85%) in the
next sample (sample 3). In turn, sample 3 showed a
consensus sequence without RT insertion, but har-
bored three clones (numbers 3-3, 3-5, and 3-8, repre-
senting 15% of the total population) with a T69SSS
genotype. Such minority sequences from sample 3
were likely selected by the reintroduction of AZT (to-
gether with lamivudine) and restored a quasispecies
dominated by viruses with the MDR insertion in sam-
ples 4, 5, and 6. Therefore, during the treatment his-
tory of Case 3, minority genomes without insertion were
mtai ed as replicative memory in populations dom-
Q&rmazyd genomes and, conversely,

mmorlty memory insert-containing genomes were pres-
inated by viruses devoid of the
insertion (Fig. 3c). It must be underlined that in sam-

hf@mefh@ @;1?1} V\Pﬁff@ﬁj ?tmmlé%j%ﬁeir CONSEeNnsus sequence,

the conventional met r guiding antiviral treatment

sequential clonal sequences (from 20 to 32)4:0 g ?‘pueb Eji@%al setting, did not show any evidence of the
sample analyzed). Following this systemati ihe h f minority memory genomes hidden within

the first patient where replicative memory was found

the mutant spectrum. Such minority components main-
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Figure 3. Clinical data, consensus sequences, and phylogenetic analysis of clonal sequences of Case 3. A: treatment history, evolution of
CD4* count (CD4* lymphocytes/ml) and viral load (HIV-1 RNA copies/ml). Dashed boxes delimit the periods of treatment with the different
inhibitors. Sampling dates are written as day.month.year. Sample identification numbers of the six samples subjected to sequence analysis
(see details in the text) have been encircled. B: amino acid substitutions found in consensus sequences of the RT (codons 40-220) of se-
quential HIV-1 samples. The single letter amino acid code is used. Dash means no change relative to the reference HIV-1 sequence shown
at the top (HIV-1 HXB2 strain). Amino acid substitutions at positions relevant to resistance to Pl or RT inhibitors have been highlighted with
bold-face letters. Different amino acids at one position indicate that the residue is found in a mixture in the PCR fragment obtained as popu-
lation sequence. NRTI, nucleoside reverse transcriptase inhibitors; 3TC: lamivudine; ddC: zalcitabine; ddl: didanosine; ZDV: zidovudine; PI:
protease inhibitors; IDV: indinavir; RT: reverse transciptase.

evolution, can only be revealed through the clonal analysis interruption, could compromise the response upon
retrospectively performed® or, eventually, by any other  reintroduction of treatment*?-424445.77-79 "Figure 4a shows
technology capable of dexmtmg mmorlty mes in bncllnlcal parameters and treatment history of Case

complex samples (see ne @:tmrt t 1S pU Eaemgmhmraeyp (1 to 8) where consensus

Following an analogous approach, an additional and clonal sequences were obtained. Consensus

case of HIV-1 replicative mem¢r@|@ﬁ@®@@@dar@r %@b@@@@qugﬁng to the RT (Fig. 4b) showed
analyzed®. Case 4 was a man born in 1956, infected that a MDR genotype associated with the Q151M com-

through homosexual intwi)ﬁh@ eﬁ{mfht@ kf‘rsf@rle WTT§W?@?WFWW|68 110 6, with the excep-

1997. His well documented treatment history,'starting  tion of sample 2 that showed a RT inhibitor-susceptible
in 1997, showed large fluctuations in wrzﬁomdpwé rgh gubsequently 209 clonal sequences (in-
CD4* count associated with two periods @ 2 clones from each sample 1-7), all of them

interruption. It had been previously described that re- including a 1,083 bp-long fragment of the pol region,
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Figure 3. C: Maximum Parsimony clustering of the 120 clonal sequences obtained from samples 1-6, using HIV-1 HXB2 as reference se-
quence. Unique sequences are identified as “sample-clone number”. Groups of clones with identical sequences are labeled as “sample-let-
ter-number”, as detailed in*. The nature of the two-amino acid insertion between codons 69 and 70 of the reverse transcriptase is shown
(SS: genotype T69SSS; SG: genotype T69SSG; --: genotype T69S). Minority memory genomes present in samples 2 (represented by the
sequence 2-17, without insertion) and 3 (3-3, 3-5 and 3-8, with a SS insertion) are highlighted and marked with arrows.

related to drug resistance, one out of 29 clones (clone showed that minority clone 2-22 clustered within a
2-22, representing 3.5% of the mutant spectrum) clade formed by clones from samples 1, 3, 4, and 6.
harbored the MDR complex 751/77L/116Y/151M%. The  The remaining 28 clones from sample 2 contributed a
genomes represented by this sequence Had been mpact and statistically supported group, far from the
maintained during the fourh‘E@A Fr)eaﬁe@fntﬂ?ﬂlﬁi(ﬁu Eﬂiﬁ@“@ﬂbim a/»é @nce 2-22. Apart from other

(from 2.10.99 to 28.10.99) as replicative memory in  considerations regarding the clinical evolution of this

circulating quasispecies, after kr@pr(@r(ﬁj@@e 0% lgzh@f[@(f@p%lm iscussed®?) it must be under-

of the mutant spectrum) in sample 1. Three months lined that this report documented for the first time

later, genomes derived Wmht@mret%ﬁe%?% V\yrrsllttrélalt rﬁmjgg?@ﬁtion context, replicative

clone 2-22 constituted the dominant genomes memory maintained in the form of minority genomes
in sample 3. Then, a second six-week tree;&ierj[t inter- g'tTiﬁﬂéﬁuaSispeCies can play a major role in the
ruption produced additional fluctuations i ehu sip | f HIV-1 quasispecies after resumption of

species, leading to different proportions of genomes  therapy. Indeed, Case 4 confirmed the clinical implica-
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two main multi-nucleoside-resistance clusters of muta-
tions can be maintained in the form of minority memo-
ry genomes not detectable by consensus sequencing
of the quasispecies.

In parallel to the phylogenetic analyses performed,
a mathematical model was developed to test if reser-
voir and/or replicative memory could emerge as an
evolutionary strategy of HIV-1 under antiviral pressure.
The in silico model was based on the theory of quasi-
species®® and considered two viral components (typi-
cally, wild-type and drug-resistant mutant) competing
in the circulating quasispecies, together with a third
component capable of reemerging from a latent reser-
voir after activation by a certain biological stimulus. The
model system was numerically and analytically solved
for switches in the drug combination® and treatment
interruptions®, and showed a good agreement with the
experimental data regarding the maintenance of minor-
ity genomes within intrahost HIV-1 evolution. Therefore,
both experimental and theoretical approaches show
that quasispecies memory can be considered as a gen-
eral strategy in HIV-1 dynamics, and encourage the sys-
tematic search for minority memory genomes in candi-
date cases. Figure 5 depicts an interpretation of how
HIV-1 moves through the accessible sequence space of
the quasispecies as a consequence of antiviral drug
pressure, and how, during such intrahost evolution, mi-
nority subpopulations can be maintained as a replicative
memory that remains hidden to the traditional genotypic
techniques usually available in the clinical setting.

Several complicating factors render the prediction of
memory levels for HIV-1, and for any virus, very diffi-
cult. One such factor is the dependence of fitness
values on environmental conditions. Drug resistance
may entail a fitness cost, which may be compensated
by subsequent replication rounds when the population
size is large®. Furthermore, fitness of a drug-escape
mutant may depend on the presence of other antiviral
drugs, as it has been well documented for HIV-1 (re-
viewed®). The influence that a specific m n can
have on fitness might depe ©n &J @f 1'&]
of the viral genome, on the collective behavior of the

SeU

Table 1. Main features of viral quasispecies and replicative

memory

Viral quasispecies

A complex mutant spectrum may favor adaptability

of the ensemble. (Relevant parameters are: mutation
frequencies within mutant spectra, virus population size,
genome length, and number of mutations required for

a phenotypic change).

Positive interactions (complementation) and negative
interactions (interference) can occur among components
of the mutant spectrum.

The collective behavior of a viral quasispecies, through
complementation or interference, can affect disease
progression, response to antiviral treatments, and
survival versus extinction of the viral population.

Quasispecies replicative memory

Memory genomes are descendant from the genomes
that were dominant earlier, in the same evolutionary
lineage.

The presence of minority memory genomes is expected
from viral quasispecies dynamics. Upon selection,

a mutant virus replicates and, therefore, increases

its fitness. When it reverts, its level in the population

is higher than expected from mere mutational pressure
exerted on the parental genomes.

Memory levels are dependent on the relative fitness of the
virus destined to become memory. (In the model studies
with foot-and-mouth disease virus a 7.6-fold higher fitness
resulted in 30- to 100-fold higher memory level).

Different memory levels can be attained for different
genetic markers, depending on mutation rates and
relative fitness values. In the quasispecies analyzed,
biologically relevant memory levels are present

at frequencies between 0.1 and 20% of the total number
of genomes in the population.

Upon viral replication, memory genomes gain fitness
in parallel with the majority genomes of the same
population (Red Queen hypothesis).

Population bottlenecks erase memory.
Memory levels may decrease as virus replicates.

Memory genomes can affect the evolutionary outcome
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Figure 5. Graphic interpretation of the HIV-1 dynamics and the generation of replicative memory as a result of the antiviral selective pressure.
An HIV-1 wild-type population (A) moves through the sequence space of the quasispecies to respond to the treatment pressure (arrow labeled
‘Drug’) until it reaches a region characterized by a drug-resistant mutation (B). During stage (B), drug-resistant mutants acquire compensa-
tory mutations and increase their average fitness (see text and Table 1 for details). If the drug pressure is discontinued (arrow labeled ‘No
Drug’), the competition between the drug-resistant population and the high-fitness wild-type mutants generated favors the recovery of a wild-
type genotype, although minority memory genomes can be maintained in the quasispecies as a record of the past evolutionary history (C).
In this situation, if the same, or similar, drug pressure is reintroduced, a quick restoration of the drug-resistant population (B) will be produced.
Panels (A) to (C) are equivalent to those depicted in figure 2. Since the detection threshold for conventional HIV-1 genotyping methods, such
as consensus sequencing and line probe assay hybridization, is about 20% of the total population, represented by a horizontal plane in (D),
they can only identify the majority or most frequent genomes, while minority genomes remain hidden. Therefore, if the quasispecies is ana-
lyzed by genotypic methods currently used in the clinical setting, the situation represented in (C) will be considered identical to that depicted
in (A), and a pure wild-type genotype would erroneously be assumed. Mut: mutant; WT: wild-type.

sometimes been called “non-replicative” memory®%8),  at a frequency of about 0.01%%", constituting the so-
yet they may be subjected to the same replicative called “guasispecies background”, as discussed for
events that lead to replicative memory. The relationship  FMDV in the previous section. Therefore, only those

between replicative and r, ﬁervoir memor ﬂss ad- BImorytgenomes that are maintained at higher frequen-
dressed in a theoretical mo Qﬁ&@@;ﬁi d kﬁepu @Otoﬂ%&a}é@ﬁany meaningful. With all the

ence of the two classes of memory®. limitations summarized in the previous paragraphs, our

The results reviewed in this set E@d%ﬁdﬂ@f @hl@t@(@prymn@al quasispecies suggests an up-

ity memory genomes present at levels as Iow as 3% can  per level for memory genomes in the range of 20% of the
influence the ensuing mtraOysfﬁJ ppl\(rﬂa V\ﬁ‘?ﬁ’@@ﬁ‘ s@@ﬁ{ﬂ@? F|g 2), and a lower level
Further research is require etermlne at what point  between 1'and 0.1%. These upper and lower thresh-
a minor drug-resistant genome may beco m I Lﬂi é define a putative interval, which includes
relevant. Since the replication of virus qua j é b l%ﬁ Jreported cases of persisting minority vari-
characterized by mutation rates with an average of 104  ants |n HIV- 1‘921 47 where the minority genomes should
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order to reach a consensus about the clinically relevant
cutoffs for the detection of minority genomes in HIV-1
quasispecies. They will rely on the optimization and
standardization of some of the ultrasensitive experi-
mental methods that are currently available for the
detection of low-abundance genomes.

Experimental methods for the detection
of minority genomes within HIV-1
quasispecies

Evolution of traditional genotyping
techniques

Although disregarded some years ago, it is current-
ly accepted that the detection and characterization of
minority genomes (among them, the minority memory
genomes derived from the previous intrahost evolution)
present in HIV-1 at a level higher than the quasispecies
background is required in order to make viral geno-
typing a predictive tool of subsequent evolution under
antiretroviral therapy. In fact, the successful cha-
racterization of minority genomes could open the
door to a personalized clinical management of the
infected patient. In this framework, the usefulness of
traditional genotyping techniques is largely compro-
mised. Population or consensus HIV-1 sequencing
provides information limited to the genotype of the
predominant or major viral variant, and it does not
recognize minority subpopulations represented in less
than 25 or 30% of the total quasispecies'®®9' This
detection sensitivity is only slightly improved by other
genotyping techniques available in the clinical set-
ting, such as those based on the hybridization of the
labeled, RT-PCR-amplified viral genome to a limited
number of probe oligonucleotides immobilized onto a
nitrocellulose strip. Indeed, several reports have docu-
mented that these line probe assays (LiPA) cannot
detect minority genomes representing less than 20%
of the amplified population??%

Talitonalty e meestN@ri2at afidhispUlbia

trum of HIV-1 quasispecies in molecular biology

laboratories has involved the sé@{@ﬂf@dr@i({/@dof@r

representative number (m general 10 30) of mo-
lecular clones derived fr @

|atiOn24-27,29,30,42,45,50,52,66, ever s isa very

PROY WS

straightforward characterization of minority genomes
within HIV-1 quasispecies with an unprecedented level
of detection (in the range of 0.005% of the amplified
total population), involving the analysis of less than
100 molecular clones¥ . It is based on the progressive
amplification of minority variants present in the viral
quasispecies using specifically designed sets of spe-
cific PCR primers, followed by the clonal analysis of
the selected subpopulation. This method has been
termed “quasispecies diving” to metaphorically indi-
cate that the successive PCR amplification protocol
allows for the progressive approach to reach smaller,
minority or “deeper” genomes in the mutant spectrum
of the quasispecies. This notwithstanding, it is as-
sumed that all the experimental methods for the de-
tection of minority genomes based on clonal analysis
of the population are unrealistic approaches for most
clinical laboratories.

As an alternative, novel methodologies based on ra-
pid and highly sensitive assays have been developed
during the last decade and are currently available,
though in non-commercial format, to the community of
HIV-1 clinical research. Oligonucleotide ligation assay
(OLA), based on selective hybridization followed by a
confirmatory ligase reaction, was one of the earliest of
such methodologies and shows a sensitivity of 5% for
minority mutations®-%.%°, Different variants of the hetero-
duplex mobility (HMA) and heteroduplex tracking
(HTA) assays have been used to detect low-abun-
dance subpopulations comprising 1-5% of the viral
quasispecies’®1%, Moreover, the quick development
of allele-specific real-time quantitative PCR (ASPCR)
technology has allowed the characterization of minor
subpopulations (in the range of 0.05 to 1%) of drug-
resistant HIV variants both in seroconverters and in
pretreated patient833,34,37,39,41,43,44,95,104—106_

Additionally, sequence-based methods have quickly
evolved during the last decade, and they can cur-
rently be adapted to the detection of minority genomes
ompfx mixtures such as viral quasispecies without

Ifora pﬂ@@a}é lecular cloning. In a recent

example relevant to the HIV-1 clinical research, it has

@B@@@@Xﬂ mﬂallel allele-specific sequencing
(PASS) allows tection of minority HIV-1 drug-

@F&mr@ nbart] levels ranging from 0.01
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acterize the quasispecies at a resolution of 0.1%. In
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that allows up to 400,000 individual reads per sequencing
run, with an average length of 100-250 base pairs
each'?”. This revolutionary technology is less laborious
and less costly than clonal sequencing because all the
process is automatic, and conventional procedures
such as PCR amplification and bacterial transformation
are not required. Being an unbiased sequencing-based
strategy, it informs about all the mutations and single
nucleotide polymorphisms (SNP) present in the region
scanned, and not only about those positions previously
selected, as is the case in the genotyping DNA micro-
arrays described in the next section. Several relevant
applications of ultra-deep pyrosequencing in virology
have been documented, including the detection of
lamivudine resistance mutations in HBV'%, the typing
of human hantaviruses'®, the monitoring of resistance to
adamantanes among circulating influenza A viruses''®,
and the discovery of a new arenavirus related to
lymphocytic choriomeningitis viruses'!".

Regarding HIV-1, this technology was soon adapted
to the detection of Pl resistance mutations? and,
among other applications, it has allowed the massive
analysis of viral integration site selection into host cell
DNA'3, Relevant for this review, ultra-deep pyrose-
quencing has been successfully used in control HIV-1
mixtures and clinical plasma samples for the simulta-
neous detection of minor drug-resistant variants in the
HIV-1 pol gene at proportions as low as 5%'"* or even
2%%:115 of the population. In order to generalize its use
for HIV-1 genotyping, this technology still needs sub-
stantial improvements related to the short length of the
sequence reads (currently limited to < 300 bp) and the
high error rate associated to the pyrophosphate-based
sequencing process (in the range of 5 x 10° to 102,
or 5-10 errors/Kbp)'>1'6, Nevertheless, computational
methods have been recently described with which the
frequencies of different HIV-1 variants are estimated,
and intrahost population structures can be inferred'®.
Pyrosequencing technology is extremely powerful, and

likely it will soon offer an un&ecedentef opfoﬂtinity to
characterize the subpopulati @dip@&ﬁ widhin }SirQU

quasispecies and other clinically relevant, complex
genetic populations such as iff
DNA or heterogeneous mixtures of cells from tumoral
tissugs'":118,

DNA microarrays

without the prior weitteer

decade in the hybridization techniques of nucleic
acids, together with innovations in chemistry and
nanotechnology that allow the immobilization of different
kind of molecules onto activated surfaces. This has led
to the construction of a growing number of bio-affinity
biosensors, among them the so called “microarrays” or
“biochips”. The DNA microarrays are based in the
possibility to covalently immobilize thousands of
single-stranded DNA probe oligonucleotides on a
solid (generally, chemically modified glass) substrate,
in arrays of points of about 100 micrometers in diameter.
Target molecules present in a natural sample are
fluorescently labeled, and their specific hybridization
with the surface-bound complementary probe is detected
by means of high-resolution scanning''%1?2, This tech-
nology has been extensively applied to biomedicine,
including the following research lines: i) studying the
gene expression profiles in organisms (e.g. related
with a pathogenic state or with an infection process);
i) genotyping and SNP mapping in cellular or viral
genes; iii) re-sequencing of genomes; iv) detection of
pathogenic microorganisms in natural samples (for a
review, see'?).

Relevant examples of the usefulness of DNA micro-
array technology in virology include the detection,
typing or subtyping of influenzaviruses'?1%6 hepatitis
viruses and/or HIV'?7-12% rotaviruses'°, or other vi-
ruses'!1%4 the characterization of recombination in
polioviruses'® and the determination of secondary
RNA structure in HIV-1 and HCV genomes'36-137,
Especially relevant for this review is the applicability
of DNA microarrays for viral genotyping, in which the
detection of fluorescence in one point of the array
means that the labeled target genome harbors the
sequence fully complementary to the probe oligonu-
cleotide immobilized at that position. In turn, all the
non-perfect double-stranded DNA hybrids, even those
involving a single point mutation, are washed and do
not produce a positive signal. This technology allows
E)w(]a. characterization of a large number of mutations

4 g

C‘a\{d%am@ya ridization experiment, as

documented for HIV-1 and other viruses26.131.134.188-140,

@@f@di@@@ rall ph@t@@pw\n@oroarrays constitutes a very

promising technology for the characterization of mi-

@Tmﬁ@glgﬁzsispecies, including the

memory ggg)mes deriv m the previous intrahost

lution in.the patient. Indeed, this technology allows
and nanotechnology-based biosegiouge pm%ﬂékon of minority genomes in a complex

mixture even at frequencies as low as 1%'3%™! or
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The DNA microarrays have proved to be very ver-
satile biotechnology tools, and are less costly than
clonal analysis or ultra-deep pyrosequencing for high-
throughput viral genotyping. Nevertheless, HIV-1 ge-
notyping DNA microarrays useful in the clinical setting
must be carefully designed in order to minimize the
main limitation of this technology: due to the genetic
variability of HIV-1 and other RNA viruses, clusters of
adjacent mutations can be present in relevant regions
of functional viral genes, interfering with the accuracy
of probe-target hybridization. This requires the design
and testing of redundant sets of probe oligonucle-
otides covering the (previously known or predicted)
variability of the nucleotide positions flanking the inter-
rogated one, as well as the use of bioinformatic tools
to distinguish meaningful hybridizations from partially
mismatching duplexes that could render false-posi-
tive or false-negative signals. Moreover, together with
probe oligonucleotides harboring different variants of
point mutations involved in resistance, DNA oligos con-
taining genomic regions with insertions and deletions
relevant for HIV-1 drug-resistance must be included in
the array. Additionally, the worldwide clinical useful-
ness of HIV-1 genotyping microarrays will require the
inclusion of such a complete set of DNA oligonucleotide
probes complementary to the selected genomic regions
present in B and all non-B subtypes, as well as in
circulating recombinant strains.

From a technological point of view, despite its broad
applicability in different areas of biomedicine, DNA
microarrays face a limitation related to the need for
fluorescent labeling of the sample to be analyzed. The
DNA labeling usually requires an extra and expensive
pretreatment of the sample, and its efficiency imposes
a limit for the sensitivity and accuracy of the microarray
technology. Therefore, during the last decade, several
types of alternative, nanotechnology-inspired detection
techniques have been developed in order to dispose
of simple, fast, label-free biosensors. Essentially, the
technigues that avoid fluorgscent Iabel'ngg):ﬁth target
DNA are either sensitive t spac,rrt tfﬂ
those occurring upon hybridization, or to certain chem-

ical signatures of specific mol @@Lgp@@@

change or appear upon hybridization (reviewed'#). For

instance, one of the reowiﬂﬁi@jﬁr‘ﬁefhgo@?ifﬁﬁd

of nanotechnology-based biosensors has ed the

8 43U
ich

concentration, and the detection of low abundance
genomes even at frequencies of 0.1% of the total
population. This is only an example of the kind of
technologies currently available that show potential
applicability for the detection of minority genomes in
viral quasispecies and could be adapted to the clinical
setting in the near future.

Conclusion

Viral quasispecies such as HIV-1 are complex repli-
cative systems, evolving as an ensemble of interactive
variants, which together contribute to viral pathogen-
esis. The HIV-1 quasispecies can be endowed with a
molecular memory of their past intrahost evolutionary
history, maintained in the form of minority components
within the mutant spectrum. They are capable of re-
emerging rapidly and becoming a majority if the evolv-
ing viral population is subject to selective pressures,
which are the same or similar as those present when
the HIV-1 memory genomes were selected. This fact is
particularly relevant for antiviral treatment since sev-
eral reports have documented that HIV-1 may harbor
minority or low-abundance drug-resistant variants that
can quickly expand under drug selection pressure and
compromise the treatment efficiency. Apart from the
examples of HIV-1 reservoir and replicative memory
reviewed here and the data reported by other groups
regarding persisting minority HIV-1 variants, additional
studies using retrospective plasma or peripheral blood
mononuclear cell samples obtained from patients with
well-characterized treatment histories and clinical
outcomes are needed. They will establish the extent
to which the maintenance of minority memory genomes
within the mutant spectrum can be operating as a
general evolutionary strategy used by HIV-1 under
antiviral pressure. Also, systematic and statistically
supported studies are required in order to reach a
consensus about the clinically relevant cutoffs for the

ction of minority ggnomes harboring one or more

te
&1@@1&@%5{%@ n -1 quasispecies. These fu-

ture achievements are intimately dependant on the

e@@ym reproducibility of HIV-1 geno-
typing technologies. Several assays based either on

V\Ejt?‘@ﬁ Nelopreais (ghPINA sequencing (in particu-

pyrosequencing and other platforms for ultra-deep

label-free, specific detection of DNA hybr'(jzaqt'ﬁteab@r@ktﬁéjuencing), on DNA microarray technology,
room temperature'®. It is based on the ration=in I nanotechnology-inspired biosensors are

duced tension on nucleic acids bound to functional-

currently available for the characterization of minority
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be used to unveil the hidden memory of selected in-
trahost HIV-1 strains in the clinical setting; most likely,
the minority report filled in the molecular biology labo-
ratory will be of major importance for the management
of the infected patient.
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