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A strategy of the parasitic protozoan Giardia lamblia to evade attack from the host immune system is peri-
odic changes of its surface antigen, a member of the variant surface protein (VSP) family. A post-tran-
scriptional gene silencing mechanism has been proposed to explain the presence of only one among
many possible VSPs at any time. To investigate this phenomenon further, we extracted total RNA from
cultured trophozoites of the G. lamblia C2 isolate, and cDNA was reverse-transcribed from the RNA. Sense
and anti-sense VSPs were amplified from the total cDNA using nested PCR with primers designed from
the 30-conserved region and the known 50 or 30 end of the cDNA library. Sequence analyses of the ampli-
fied products revealed more than 34 full-length antisense VSPs and a smear of sense VSPs. Sequence
alignments and comparisons revealed that these VSPs contained variable N-termini and conserved C-ter-
mini, and could be classified into 5 clades based on the sizes and variations of the N-terminal sequence.
All antisense VSPs existed in the sense forms, but no corresponding antisense VSP existed for sense RNA
(snsRNA) 16. The coexistence of sense and antisense VSP mRNAs in cultured G. lamblia supports the post-
transcriptional regulation of VSP expression. We propose that VSPs transcribed simultaneously in the
sense and antisense forms form double-stranded RNAs (dsRNAs) which are degraded by the Dicer endo-
nuclease, while a VSP without an antisense transcription (e.g., snsRNA16) will be expressed on the sur-
face of Giardia. In addition, in the course of this investigation VSPs were identified that were previously
not known. PCR-based amplification of specific sense and antisense VSP cDNAs can be used to identify the
specific VSP on G. lamblia trophozoites, which is easier than using specific monoclonal antibody
approaches.

� 2014 Published by Elsevier Inc.
1. Introduction

Giardia lamblia is a unicellular flagellated protozoan. World-
wide, this parasite of the small intestine is a common cause of diar-
rheal and intestinal disease [1–5]. It was one of the first eukaryotes
to diverge and is an interesting model system for studying early
biological mechanisms [6]. G. lamblia has remarkable ability to
adapt to changes in the environment [7], with sophisticated strat-
egies to survive in various mammalian hosts and evade or neutral-
ize the host’s innate and adaptive immune defenses [8,9]. A major
evasive mechanism allowing it to endure through chronic and sec-
ondary infections is antigenic variation [10–13], a process involv-
ing a family of variant surface proteins (VSPs) [14].

Species of Giardia are capable of expressing any of 303 VSP
genes with VSP protein products that are cysteine-rich, variable
in size (20–200 kDa), and contain conserved C-termini with trans-
membrane regions that end with the amino acid sequence CRGKA
[13–16]. Interestingly, only one type of VSP is present on the sur-
face of a vegetative trophozoite at any specific time [17], and
switching among antigenically different VSPs occurs every 6–16
generations [18].

The N-terminal portions of the VSPs vary among the different
members of the family with various numbers of CXXC motifs
(where C represents cysteine and X represents any amino acid)
[13]. The N-terminus is the extracellular domain, recognized by
specific antibodies generated during the infection [14,16]. The
C-terminus most likely remains in the cytoplasm with a nearly
invariant CRGKA motif, and is shielded from the host [19,20]. VSPs
exist as a thin coat spread across the entire surface of the tropho-
zoite [16].

Many researchers have attempted to elucidate the regulatory
mechanisms responsible for the changes in VSPs on the surface
of Giardia. Results indicate that immunological pressure may be
involved [21], and different host environments may dictate the

http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbrc.2014.01.074&domain=pdf
http://dx.doi.org/10.1016/j.bbrc.2014.01.074
mailto:fengxianmin28@163.com
http://dx.doi.org/10.1016/j.bbrc.2014.01.074
http://www.sciencedirect.com/science/journal/0006291X
http://www.elsevier.com/locate/ybbrc


Table 1
Primers used in this study.*

Primer Sequence

1 VSP-C1 50-CCYCKRCACATGAACCACCA-30

2 VSP-C2 50-AGGAASCCNACRAGRCCMCC-30

3 SMART
IV**

50-
AAGCAGTGGTATCAACGCAGAGTGGCCATTACGGCCGGG-30

4 CDSIII/30** 50-ATTCTAGAGGCCGAGGCGGCCGACATG-d(T)30N-1N-30

5 50 PCR** 50-AAGCAGTGGTATCAACGCAGAGT-30

6 SP 1F 50-GTGGGCACAGACGTCGATGGATTC-30

7 SP 2F 50-TGCTCCGTAGACGGATGTA-30

8 SP 3F 50-AACCATTGACAATAAATGCGTGAAGTGC30

9 SP 4F 50-CATTAATGGAAAATGCACAA-30

10 SP 5F 50-GTAGGCACTGATAGTACCTC-30

11 SP 6F 50-AGCAACTGATGGCAACTGT-30

12 SP 6R 50-TCTAAGCATATGACTGAACTACC-30

13 SP 7F 50-AACATGTAATGGAGCAGCTACA-30

14 SP 7R 50-GACGATGGAGGAGCGCAGTTTAG-30

15 SP 8F 50- ATGCTACTGGGGGATTCTTCAA-30

16 SP 8R 50-TGGAGCGCATTTCTTACAGTCT-30

Y = C/T, K = G/T, R = A/G, N = A/C or G/T.
* F and R indicate the forward and reverse primers, respectively.
** Supplied by the SMART cDNA library construction kit (Clontech Laboratories,
USA).
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selection of VSPs [22]. However, the regulation of VSP expression is
not caused by gene mutation or by changes in the genes tran-
scribed [13].

A recent report presented direct evidence for the involvement
of post-transcriptional gene silencing (PTGS) in the regulation of
VSP expression [23]. The process depends on RNA-dependent
RNA polymerase (RdRP) and the formation of double-stranded
RNA (dsRNA) complexes, which can be targeted by the action of
the dsRNA endonuclease Dicer [23]. Argonaute (Ago) proteins are
essential in gene-silencing pathways involving small RNAs [24].
The presence and activity of RdRP, dsRNAs, Dicer, and Ago suggest
that an RNAi-like mechanism is involved in regulating the expres-
sion of VSPs in Giardia [23,25]. Indeed, silencing of Dicer or RdRP
causes multiple VSPs to be present on an individual parasite [23].
A characteristic of RNAi is the degradation of dsRNA into 21–25
nucleotide siRNAs by Dicer [26]. The formation of dsRNAs is the
key to this process. Typically, dsRNA is formed by the simultaneous
syntheses of sense and anti-sense mRNAs catalyzed by RdRP [26].
However, the understanding of the synthesis and functions of
sense and anti-sense mRNAs of VSPs in G. lamblia is limited.

Recent studies have identified putative microRNAs (miRNAs),
derived from small nucleolar RNAs (snoRNAs), which may be in-
volved in gene regulation in G. lamblia [27]. Five of the putative
miRNAs, miR2, miR4, miR5, miR6, and miR10, have been identified
by Northern blot, primer extension, 30 rapid amplification of cDNA
ends (RACE), and co-immunoprecipitation with Ago [27]. A partial
anti-sense knockout experiment indicated that Dicer is needed for
miRNA biogenesis, whereas Ago is required for miRNA-mediated
translational repression [23,27]. Even though putative target sites
were found in VSP genes, several other annotated and non-anno-
tated open reading frames also carried binding sites for these miR-
NAs [27,28]. Whether the siRNAs are derived from snoRNAs or
miRNAs specific for the repression of VSPs is unknown. There are
still many uncertainties regarding the roles of miRNAs in VSP reg-
ulation in Giardia.

To elucidate the mechanisms of RNAi in the regulation of VSP
expression, sense and anti-sense VSP mRNAs were generated from
G. lamblia trophozoites and the sequence variations and mecha-
nisms of expression of Giardia VSPs were analyzed.

2. Materials and methods

2.1. G. lamblia culture

Trophozoites of G. lamblia isolate C2, collected from a patient in
Southwest China [29], were axenically cultured in modified trypti-
case yeast extract iron-serum-33 medium (TYI-S-33) [29], pH 7.0,
supplemented with 10% heat-inactivated bovine serum (Sijiqing
Biological, China) and 0.05% bovine bile (Sigma, USA) in borosili-
cate glass screw-cap culture tubes, as described previously [29].

The culture was started with 4 � 103 trophozoites per 4 mL per
tube at 37 �C without shaking, and subcultured 3 times a week.
1 lL with only one Giardia trophozoites was innobated in one well
of six well microplant to the clonal population.

To collect the parasites, the cultures were chilled on ice for
20 min to detach the trophozoites from the walls of the tubes.
The parasites were pelleted by centrifuging at 367g at room tem-
perature for 10 min, and then washed with 1� phosphate buffered
saline pH 7.4. The freshly collected trophozoites were snap-frozen
at �80 �C.

2.2. RNA isolation

Total RNA was isolated from freshly thawed trophozoites
using TRIzol reagent (Invitrogen, USA) in accordance with the
manufacturer’s instructions. The concentration of isolated total
RNA was measured at 260 nm and 280 nm using a NanoDrop
2000 spectrophotometer (Thermo Scientific, USA). A 4-lL aliquot
of the RNA was run on a 1% agarose–formaldehyde gel to assess
RNA quality.

2.3. Primer design and synthesis

Sixteen primers were used in this study (Table 1). The SMART
Oligo IV oligonucleotide, the CDSIII/30 PCR primer, and the 50 PCR
primer were supplied in the SMART cDNA library construction kit
(Clontech Laboratories, USA). Primer VSP-C1 was a degenerate pri-
mer designed based on the 30 conserved region of the VSPs. The
VSP-C2 primer was the nested primer designed to sequence prior
to the 50 end of VSP-C1 primer for specific amplification of sense
or anti-sense VSP cDNAs (Fig. 1). Specific primers (SP 1–8) were de-
signed based on specific VSP sequences obtained from the VSP
cDNA amplifications using the VSP-C1 and VSP-C2 primer and
the 50 PCR primer or the 30 PCR primer.

2.4. cDNA synthesis

Full-length cDNAs from G. lamblia trophozoites were synthe-
sized using the SMART cDNA library construction kit and modified
long-distance PCR (both: Clontech, USA). First strand cDNA was
transcribed from total RNA with Moloney murine leukemia virus
(MMLV) reverse transcriptase and the modified oligo(dT) CDS III/
30 PCR primer. The 50 end of the cDNA was extended with the
SMART IV Oligo, which contains an oligo(G) sequence at its 30

end to complement the oligo(C) at the 50 end of the cDNA created
by the MMLV. The full-length double-stranded cDNAs were ampli-
fied with the CDS III/30 PCR primer and the 50 PCR primer using the
Advantage 2 Polymerase provided in the Advantage 2 PCR Kit
(Clontech, USA). The PCR was performed using an initial denatur-
ation at 95 �C for 1 min; and 18 cycles of 95 �C for 15 s and 62 �C
for 6 min.

2.5. Amplification of sense and anti-sense VSP cDNAs

As shown in Fig. 1, the sense VSP cDNAs were amplified from
the total cDNA by nested PCR using VSP-specific primers VSP-C1
and VSP-C2 and the 50 PCR primer provided by the SMART cDNA
library construction kit. The anti-sense cDNAs were amplified



Fig. 1. Schematic flowchart for cloning the sense and anti-sense VSP mRNAs. Black rectangles represent the 30 conserved region of the sense VSP sequences. Blue rectangles
represent the complementary 30 conserved regions of the sense VSPs. Black triangles indicate the position of the specific primers VSP-C1 and VSP-C2. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 2. Transcription of VSP genes in Giardia. Lane M: 1 kb DNA ladder. Lane A: anti-
sense VSP mRNAs amplified by PCR with the CDIII/30 and VSP-C1/C2 PCR primers
from total cDNA. Lane S: sense VSP mRNAs from PCR amplification with the 5’ PCR
and VSP-C1/C2 PCR primers. The arrow indicates the low molecular weight of
degradation products.
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using the CDSIII/30 PCR primer with the VSP-C1 and VSP-C2 prim-
ers [30]. The PCR was performed with GoTaq Green Master Mix
(Promega, USA) with 30 cycles of 94 �C for 1 min, 50 �C for 1 min,
and 72 �C for 1 min.

To amplify specific sense and anti-sense VSP cDNAs, the specific
forward and reverse primers were designed and synthesized based
on the sequences of specific VSP cDNAs as described in the primer
design section above. The total sense and anti-sense VSP cDNAs
were used as templates. The PCR was initiated with an annealing
temperature of 76 �C, which was then dropped 2 �C each cycle until
60 �C was reached. The PCR was continued for 20 additional cycles
of 94 �C for 1 min, 60 �C for 1 min, and 72 �C for 1 min.

2.6. DNA sequencing

PCR products were purified using the QIAquick PCR Purification
Kit (Qiagen, USA) and cloned into the pGEM-T Easy vector (Prome-
ga, USA) in accordance with the manufacturer’s instructions.
Transformants were screened with the blue/white technique using
isopropyl beta-D-thiogalactopyranoside (IPTG; Sigma, USA) and 5-
bromo-4-chloro-3-indolyl-beta-D-galactopyranoside (X-Ga; Sigma,
USA). The presence of inserted sequences was confirmed by dsDNA
sequencing with primers T7 and SP6. The DNA sequences were edi-
ted and aligned with MEGA5 software, and searched with BLAST
against the GenBank database. Based on the variation of the amino
acid sequences of the obtained 34 distinct VSPs amplified from
sense and anti-sense VSP cDNA, a neighbor-joining tree was built
by MEGA5 and all reconstructions were tested by bootstrapping
with 100 replicates.

3. Results

3.1. Amplification of sense and anti-sense VSP cDNAs

The sense VSP cDNAs were amplified from the total cDNAs that
had been reverse transcribed from the G. lamblia trophozoite
mRNA. Amplification was performed using VSP-specific primer
(VSP-C1: based on the sequence of the VSP 30 conserved region),
and a 50 PCR primer provided by Clontech (matching the 50 end
of the synthesized cDNAs). More specific products were obtained
by a second nested PCR reaction using VSP-C2 primer that recog-
nizes the region upstream of VSP-C1. The results showed a wide
smear from 4 kb to 0.1 kb, with major products between 0.3 kb
and 1 kb (Fig. 2, Lane S). In addition, abundant low molecular
weight products of approximately 100 bp were observed, which
may represent the degraded VSP products derived from post-
transcriptional modification. These bands may reflect the degree
of degradation of the transcribed VSPs (Fig. 2, Lane S). The anti-
sense cDNAs were amplified using the CDSIII/30 PCR primer with
the VSP-C1 and VSP-C2 primers. The RT-PCR products of the anti-
sense VSP transcripts were between 0.1 kb and 2 kb with some dis-
tinct bands (Fig. 2, Lane A).

3.2. DNA sequencing and analysis of VSP sequences

Sequences of sense and anti-sense VSP cDNAs were obtained
and cloned into pGEM vectors. Of 100 clones, 72 contained VSP
coding sequences with variable sizes, 59 were between 302 and
919 base pairs, and 13 had sequences less than 200 base pairs.
All 72 sequences contained highly conserved 30 ends and N-termini
that varied in size or in sequence. After removing identical
sequences, 6 distinct sense and 28 anti-sense VSPs were obtained.

Based on the variation of the amino acid sequences of the 34
distinct VSPs cloned from sense and antisense VSP cDNAs, a
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neighbor-joining tree was built to show the genetic relationships
among them. All reconstructions were tested by bootstrapping
with 100 replicates (Fig. 3). Based on their sequence similarities,
the 34 VSP sequences were divided into 5 clades (Table 2). Among
the 34 VSPs sequenced, only 9 shared more than 90% identity with
VSP sequences in the Giardia database. The other 25 sequences
shared only 28–89% amino acid sequence identity with known se-
quences, indicating that different strains or isolates of Giardia may
have different repertoires of VSPs [14].

Because Giardia expresses only one surface VSP per parasite at
any one time, there should be one full-length VSP transcript pres-
ent in the amplified sense RNAs that is absent in the anti-sense
RNAs. To confirm this, primers designed for 5 individual sense VSPs
were used to amplify transcripts from total sense and anti-sense
VSP cDNAs. Interestingly, 4 of the 5 sense VSPs were amplified
from both the sense and anti-sense cDNAs as full-size products,
indicating that these sense VSP RNAs will be degraded. However,
clone 16 of the sense VSPs, VSP sense RNA (snsRNA) 16, was de-
tected only in the sense RNA and did not have an anti-sense coun-
terpart (Fig. 4A). This suggests that VSP snsRNA 16 may be the VSP
Fig. 3. Neighbor-joining phylogenetic tree of amino acid sequences of identified VSPs. A
constructed with MEGA5 software.
expressed on the surface of the trophozoites at this time point in
the culture. Three anti-sense VSP products (21, 64, and 69) were
randomly chosen for amplification from the sense and anti-sense
RNAs (Fig. 4B), indicating these VSPs will form dsRNAs and not
be expressed on the surfaces of cells.

4. Discussion

Previous studies have identified 235–275 nucleotide sequences
homologous to VSPs in the Giardia genome [6]. Yet at any particu-
lar time only one VSP member is present on the surface of the tro-
phozoite, and that VSP is the major antigen recognized by the host
immune system [17,18]. The data of the present study confirm
these observations, and also are in accord with pervious evidence
showing that most of the transcribed VSPs are digested and de-
graded by Dicer [23]. Our results thus support a post-transcrip-
tional gene silencing (PTGS) model, in which all but one VSP is
effectively knocked down [23].

Key to PTGS is the production of dsRNA that shares homology
with the silenced gene [28]. In Giardia, several anti-sense VSP
lignment of 34 sense and anti-sense VSPs by ClustalW. The phylogenetic tree was



Fig. 4. (A) Specific amplification of 5 sense VSPs from total sense and anti-sense RNAs by RT-PCR. (B) Identification of VSP RNAs in both sense and anti-sense RNAs

Table 2
Characterization of amino acid sequences of identified VSPs.

Clade VSP Amino acid # Gene ID # with similarity* Similarity (%) Mutations in clades

1 G-VSPantiRNA10 175 XP_001706456.1 175/175 (100%) 208
G-VSPantiRNA65 175 166/175 (95%)
G-VSPantiRNA61 118 51/103 (50%)
G-VSPantiRNA11 75 34/50 (68%)
G-VSPantiRNA66 230 38/104 (37%)
G-VSPantiRNA69 409 41/102 (40%)
G-VSPsnsRNA48 105 41/102 (40%)

2 G-VSPantiRNA52 196 XP_001707734.1 194/196 (99%) 185
G-VSPsnsRNA81 114 76/111 (68%)
G-VSPantiRNA21 135 70/148 (47%)
G-VSPantiRNA64 191 74/177 (42%)
G-VSPantiRNA29 122 66/132 (50%)
G-VSPantiRNA63 214 78/226 (35%)

3 G-VSPantiRNA39 101 XP_001703911.1 82/82 (100%) 342
G-VSPantiRNA28 141 140/140 (100%)
G-VSPantiRNA24 101 75/82 (91%)
G-VSPantiRNA3 83 58/65 (89%)
G-VSPantiRNA12 230 XP_001707733.1 115/173 (66%)
G-VSPsnsRNA8 225 153/225 (68%)
G-VSPantiRNA30 177 177/177 (100%)
G-VSPsnsRNA67 116 91/108 (84%)
G-VSPantiRNA45 241 121/153 (79%)
G-VSPantiRNA70 264 145/265 (55%)

4 G-VSPantiRNA11 271 XP_001705784.1 165/211 (78%) 39
G-VSPantiRNA8 306 213/257 (83%)
G-VSPantiRNA27 253 188/198 (95%)

5 G-VSPantiRNA56 307 XP_001705785.1 85/299 (28%) 246
G-VSPsnsRNA16 230 144/231 (62%)
G-VSPantiRNA53 267 169/249 (68%)
G-VSPantiRNA46 262 112/121 (93%)
G-VSPantiRNA62 270 198/238 (83%)
G-VSPantiRNA68 315 192/279 (69%)
G-VSPantiRNA31 307 198/267 (74%)
G-VSPantiRNA48 269 107/269 (40%)

* Giardia lamblia ATCC50803.
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transcripts were identified [31] in the cytoplasm, present
through the activity of an RdRP [23,31]. The RdRP acts as a sen-
sor and is active when more than one VSP transcript is present.
When multiple VSP mRNAs are transcribed, the RdRP is activated
to synthesize the corresponding antisense RNAs. The anti-sense
RNAs bind to complimentary sense RNAs, and these dsRNAs
are then targeted by Dicer to produce small interfering RNAs
(siRNAs) [23].
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Our results showing the degradation of sense VSP cDNAs are
consistent with a study by Prucca et al. [23], which reported that
when more than one labeled VSP mRNA was incubated with tro-
phozoite extracts containing the RNAi machinery the transcripts
were degraded and small VSP RNAs were produced. In the present
study, the variably sized products that resulted from sense VSP
amplification, and the abundance of degradation products smaller
than 100 bp, correlated with the production of siRNAs from VSP
dsRNA complexes (Fig. 2, Lane S). Sequencing of the sense VSP frag-
ments cloned into pGEM vectors (Promega) confirmed that the
fragments encoded degraded VSPs of variable sizes, including 11
short sequences of 54–200 bp (Fig. 2, Lane S).

The involvement of RdRP in the post-transcriptional regulation
of VSP expression was also supported by the observation that a
large number of the anti-sense VSPs were generated from the same
cultured trophozoites (Fig. 2, Lane A). The RT-PCR products of the
anti-sense VSP transcripts were between 0.1 kb and 2 kb with
some distinct bands (Fig. 2, Lane A). Sequencing results of these
bands revealed high homology to existing VSP sequences, and fur-
ther confirmed that these bands were related to VSP anti-sense
products.

Our results showing that sense and anti-sense VSPs were tran-
scribed at the same time are in logical agreement with the hypoth-
esis that VSP transcripts with corresponding anti-sense RNAs form
dsRNAs, which are degraded by Dicer. Moreover, our results reveal
that analyzing the anti-sense VSP transcripts is an efficient method
to identify the VSP members of a monoclonal Giardia strain and to
identify the sense VSP transcripts, since most sense VSP transcripts
are degraded during PTGS.

It is reasonable to obtain more anti-sense than sense VSP tran-
scripts, because of the PTGS mechanism involved in the regulation
of VSP expression. It is also possible that more than one sense VSP
was observed in this study because several sense VSP mRNAs were
transcribed before PTGS occurred. The amino acid sequences of the
sense and anti-sense VSPs contained the typical VSP structures.
Such typical structures include frequent CXXC motifs [13,32],
C-terminal conserved regions approximately 38 amino acids in
length (e.g., intra-cytoplasmic CRGKA motifs followed by hydro-
phobic domains [33]), and highly variable N-termini [34]. The
N-terminal regions contained highly variable sequences with dif-
ferent sizes and different antigenicity.

The coexistence of sense and anti-sense VSP mRNAs in the cul-
tured trophozoites of G. lamblia isolate C2 points to the post-tran-
scriptional regulation of VSP by mRNA. This regulation also
involves anti-sense VSP transcription primed by RdRP and the for-
mation of dsRNA that triggers cleavage by Dicer into siRNAs. The
present study also increases the number of known VSPs from the
C2 isolate of G. lamblia, and highlights that different Giardia strains
may have distinct VSP members [14]. The identification of addi-
tional VSPs may aid the development of pharmacological or genetic
interventions for giardiasis. In addition, the PCR-based amplifica-
tion of sense and anti-sense VSP cDNAs can be used to identify
the specific VSPs expressed on the trophozoites of G. lamblia at spe-
cific time points, which is easier than using specific monoclonal
antibody tests.
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