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Parasitic wasps are highly diverse and play a major role in suppression of herbivorous
insect pest populations. Several previously identified species of parasitic wasps have
been found to be complexes of cryptic species resulting from adaptations to specific
hosts or host foodplants. Cotesia congregata (Say) (Hymenoptera: Braconidae), which
has long served as a model system for host-parasitoid interactions, can be used for
investigating the process of diversification among sympatric populations that differ in
host and host foodplant usage. Two incipient species of C. congregata have been
identified in the USA mid-Atlantic region, “MsT wasps” originate from Manduca sexta
(L.) (Lepidoptera: Sphingidae) on tobacco and “CcC wasps” originate from Ceratomia
catalpae (Boisduval) (Lepidoptera: Sphingidae) on catalpa. Both wasp sources can
develop in either host species. Hybrids resulting from MsTa'xCcCg crosses are fertile,
whereas hybrids from CcCoxMsTe crosses are typically sterile. In this study, we
compared relative expression in vivo of seven C. congregata bracovirus (CcBV) genes
among MsT and CcC parental and hybrid crosses. Also, we established hybrid crosses
between MsT and CcC wasps and four additional host foodplant sources of C.
congregata. Patterns of relative expression in vivo of MsT and CcC CcBV genes differed;
a few were not expressed in hosts parasitized by CcC wasps. Overall, relative expression
of CcBV genes from MsT and CcC wasps did not differ with respect to the host species
parasitized. Low or absent expression of CcBV genes was found in hosts parasitized
by sterile hybrids. For the most part, the other four host-foodplant wasp sources were
reproductively compatible with either MsT or CcC wasps and hybrid crosses with the
alternative wasp source were asymmetrically sterile. Crosses involving CcC males or
MsT females produced sterile hybrids that lacked mature ovaries. Cumulatively, results
indicate that C. congregata is composed of two sympatric incipient species that can
utilize multiple host species rather than several host-associated races or cryptic species.

Keywords: polydnavirus, bracovirus, hybrid dysgenesis, host expression, host-associated differentiation,
reproductive isolation, speciation, virulence
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FIGURE 1 | Proportion of Fy hybrids resulting from crosses between host-foodplant complex sources of Cotesia congregata that produced progeny. Three letter
abbreviations denote wasp host species and host-foodplant. All F1 broods were reared on Manduca sexta. Uncommon wasp sources (A) SkP (Sphinx kalmiae on
privet) and (B) DhP (Dolba hyloeus on pawpaw) were crossed with two abundant incipient species, MsT (Manduca sexta on tobacco) and CcC (Ceratomia catalpae
on catalpa). Crosses with a significant reduction in fertile hybrids are marked with *(Fisher’s exact test: p < 0.001); sample sizes are at the base.

DhPxMsT MsTxDhP CcCxDhP DhPxCcC

FIGURE 2 | Proportion of Fy hybrids resulting from crosses between host-foodplant complex sources of Cotesia congregata that produced progeny. Three letter
abbreviations denote wasp host species and host-foodplant. Five initial broods of EpV (Eumorpha pandorus on Virginia creeper) collected at four different locations
were crossed with MsT (Manduca sexta on tobacco) and CcC (Ceratomia catalpae on catalpa) to produce F4 hybrids. All Fy broods were reared on Manduca sexta.
Light gray bars (A,B) indicate broods collected in Gloucester Co., VA and dark gray bars (C-E) indicate broods collected in/near Richmond, VA, ~95 km apart.
Crosses with a significant reduction in fertile hybrids are marked with *(Fisher’s exact test: p < 0.0001); sample sizes of hybrids are at the base. Note the reversal in
the pattern for brood C, suggesting that EpV wasps do not cluster exclusively with either MsT or CcC wasps.

Wasps produced from D. myron on grape or Virginia creeper
generally showed the same pattern of asymmetric reproductive
compatibility; however all cross types could not be established so
data are incomplete. Broods from D. myron either lacked females
(brood A) or produced relatively weak males that would not mate
successfully (broods B and C). The DmVJ&xMsTgQ cross from
brood A produced all sterile F; hybrids (17/17); the other crosses
could not be established. The CcCaxDmV?Q cross from broods
B and C (from the same site as EpV A and B) produced sterile
F; hybrids (13/15). The MsTd'xDmVQ cross produced all fertile
F; hybrids (31/31). The crosses from DmV brood D produced
fertile F; hybrids with both MsT and CcC (9-23 hybrids tested
for each cross), which was not observed in any other set of
crosses. Despite the lack of all reciprocal comparable crosses,
the pattern of asymmetric reproductive compatibility (by brood)
corresponds to that observed for other wasp sources with MsT or
CcC wasps. For example, the MsTd'xDmVQ and DmVJ'xCcCg
hybrids were always fertile, whereas either the DmVa'xMsTgQ or
the CcCa'xDmVQ hybrids were sterile, depending on the original
DmV brood.

Dissections of female wasps (986 total) revealed that F;
hybrids that failed to produce progeny in the sterile crosses had
severely reduced or absent ovaries and calyx (Figure 3). These
hybrid wasps otherwise appeared normal and exhibited typical
parasitism behavior. Although failed parasitisms by fertile wasps
with normal ovaries (e.g., control lines and MsTg'xCcCQ F;
hybrids) did occur, parasitism success rates were typically above
90%. Also, caterpillars that failed to produce emerged wasps did
not contain wasp larvae upon dissection and had small spots of
melanization from failure to suppress the host immune response
(as described in Bredlau and Kester, 2015).

BV Gene Expression in vivo

Relative expression in vivo of certain CcBV virulence genes
differed between M. sexta caterpillars parasitized by MsT and
CcC wasps (Figure 4; Supplementary Material 2). Ankyrin 4,
CcV3-like, and CcPTP-L transcripts from MsT and CcC wasps
were expressed consistently in both host species (p > 0.3).
Expression of two genes from CcC wasps was not detected or had
relatively low expression in either host: CrV1 and cystatin 1 in
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FIGURE 3 | Images of dissected hybrid females produced from crosses
between two incipient species of Cotesia congregata (MsT = Manduca sexta
on tobacco and CcC = Ceratomia catalpae on catalpa). (A) MsTa'xCcCg
hybrid female with normal ovaries. (B) Sterile CcCd'xMsTg hybrid female that
lacks developed ovaries (alimentary tract visible).

M. sexta (W =0, p < 0.001; W =0, p < 0.001, respectively) and
C. catalpae (W = 4, p = 0.013; W = 0, p = 0.001). Expression
of CrV1 did not differ with respect to the two different CrV1
primer sets. The CcBV 13-2 gene was highly expressed in M.
sexta parasitized by CcC in comparison to MsT (W =75, p =
0.006), but did not differ significantly in C. catalpae (W =45, p >
0.5). In contrast, Dufty-like was marginally higher in C. catalpae
parasitized by CcC (W = 56, p = 0.07), but not significantly in
M. sexta (W = 57, p > 0.5). Note that although we used the
same quantity of RNA for RT-qPCR, the amount of BV injected
into the host by individual wasps could not be controlled and
thus, is representative of naturally occurring variation among
parasitization events.

Relative expression in vivo of Cystatin 1, CrV1, CcBV 13-2,
and Dufty-like from the MsT and CcC hybrids in M. sexta varied
with respect to directionality of the cross (Kruskal-Wallis with
Dunn’s test: df =3, p < 0.05; Figure 4). Relative expression of BV
genes from the MsTa'xCcCQ hybrids (produce fertile offspring)
was generally intermediate between the MsT and CcC parental
lines but did not differ significantly from MsT parental lines
(p > 0.5). In contrast, relative expression of six CcBV genes
from the CcCo'xMsT9 hybrids (sterile) was generally absent or

greatly reduced in comparison to MsT parental genes: Ankryn
4 (p = 0.004), CcPTP-L (p = 0.014), CcV3-like (p = 0.012),
CrV1 (p < 0.001), Cystatin 1 (p = 0.002), and Dufty-like (p =
0.003). The exception was for CcBV 13-2 which had relatively
low expression in hosts parasitized by MsT wasps (p = 0.28).
CcCaxMsTgQ crosses did not differ significantly from CcC for
unexpressed CrV1 and Cystatin 1 (p > 0.5), and CcPTP-L (p =
0.31), but was significantly lower compared to CcC for Ankryn 4
(p = 0.016), CcBV 13-2 (p < 0.001), CcV3-like (p < 0.001), and
Dufty-like (p < 0.001). In two samples of CcCo'xMsTQ hybrids,
BV genes, including CrV1 and Cystatin 1, had intermediate
levels of expression in vivo (N =14). Similar results were found
among limited sampling of the other host-foodplant complex
sources in which sterile hybrid BV genes were not expressed in
parasitized hosts.

Several BV virulence gene sequences were examined among
pure and hybrid crosses of MsT and CcC incipient species
(Figure 5), including crosses with wasps from other host-
foodplant complex sources. A greater number of sequence
differences in hybrid crosses were seen for certain virulence
genes, for example PTP-p, than for other CcBV gene sequences
under positive selection (data not shown). The MsT or CcC
wasps crossed with SkP (S. kalmiae on privet) wasps displayed
the greatest ambiguity. The corresponding transcripts expressed
in vivo post-parasitization by F; hybrid crosses were also
obtained by sequencing cDNAs (Figure 5C) and favored the male
parental allele.

DISCUSSION

We hypothesized that C. congregata consists of either multiple
host-associated races or incipient species, or two incipient
species (MsT and CcC) that utilize multiple hosts. Sterility of
CcCo'xMsTQ hybrids was predicted to correspond to a reduction
or absence in CcBV gene expression in hosts parasitized by
hybrids, and differences in hosts parasitized by MsT and CcC
wasps. We examined reproductive compatibility of MsT and CcC
wasps with four other host-foodplant sources of C. congregata
(DhP, DmV, EpV, and SkP; see Table1). Additionally, we
measured relative expression in vivo of seven BV genes from MsT
and CcC wasps in both M. sexta and C. catalpae and relative
expression of these BV genes from MsT and CcC reciprocal
hybrids in M. sexta. In general, wasps from these four host-
foodplant sources were reproductively incompatible with either
MsT or CcC wasps with some crosses producing hybrid females
that lack fully developed ovaries and functional BVs (Figures 1,
2). Differences in relative expression of BV genes from MsT and
CcC wasps were predicted due to differences in host utilization
and the absence of functional BVs in sterile CcCo'xMsTQ hybrids.
Bracovirus gene expression in vivo was highly variable with
respect to MsT or CcC wasp source (Figure 4). Bracovirus genes
from typically sterile CcCoxMsTQ hybrids had lower or absent
expression relative to MsTa'xCcCQ hybrids. Cumulatively, our
results demonstrate that C. congregata likely consists of two
primary incipient species (MsT and CcC) that can utilize
multiple host species rather than a series of host-specific cryptic

Frontiers in Ecology and Evolution | www.frontiersin.org

May 2019 | Volume 7 | Article 187


https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org
https://www.frontiersin.org/journals/ecology-and-evolution#articles

Bredlau et al.

Cotesia congregata Host-Foodplant Source Differentiation

Cystatin 1 Crvli
< 600 1 Ms 25.0 1Cc 4.0 Ms 0.25 7Cc
@ 20.0 0.20
¢ 400 30 |
o 15.0 0.15
o) 2.0
[
2 200 10.0 B 0.10
§ 5.0 : 0.05
0 0.0 0.0 0.00
MsT CxM MxC CcC MsT  CcC MsT CxM MxC CcC MsT  CcC
CcBV 13-2 Duffy-like
c 15 Ms 0.08 7Cc 0.004 7 Cc
o
2 0.06 0.003 [
= 1.0
o
o) 0.04 0.002
[
2 05 [
© 0.02 0.001
7] il
o
0.0 = 0.00 0.000
MsT CxM MxC CcC MsT  CcC MsT CxM MxC CcC MsT  CcC
FIGURE 4 | Relative expression in vivo (mean =+ SE; N = 14 for CxM hybrid and N = 8 for all other groups) of four virulent bracovirus (BV) genes that differ in hosts
Manduca sexta (Ms; left plot for each gene) and Ceratomia catalpae (Cc; right plot for each gene) parasitized by two incipient species of Cotesia congregata [MsT =
M. sexta on tobacco (blue) and CcC = C. catalpae on catalpa (green) and their hybrids (CxM = CcCa'xMsTg and MxC = MsTa'xCcCg (purple)] on M. sexta. Note
that Cystatin 1 and CrV1 had low or absent expression in hosts parasitized by CcC wasps. CcBV 13-2 and Duffy-like genes from CcC wasps were highly expressed
relative to those from MsT wasps, depending on the host species parasitized. All seven genes from CcCa'xMsTg hybrids had low or absent expression in 12/14
samples; gene expression in two samples was similar to that for MsTg'xCcCg samples. Relative expression of three other BV genes, Ankyrin 4, CcPTP-L, and
CcV3-like, did not differ significantly between MsT and CcC parental lines.

species or a mixture of host-races and species at different stages
of divergence.

All six host species included in the present study have
overlapping ranges; however, M. sexta and C. catalpae were far
more abundant than the other four. The other sphingids, D.
myron, E. pandorus, D. hyloeus, and S. kalmiae, were widely
dispersed both spatially and temporally and occurred in small
numbers. Also, they had relatively low rates of parasitism;
extensive searching yielded only a few caterpillars parasitized by
C. congregata over 3 years. Only D. myron and E. pandorus were
found in small groups and were rarely collected on the same plant
within the same year. Thus, M. sexta and C. catalpae appear to be
the major hosts of C. congregata in Virginia.

Overall, the additional host-foodplant sources of C.
congregata, SkP and DhP (Sphinginae), and EpV and
DmV (Macroglossinae) displayed similar patterns of partial
reproductive compatibility with MsT or CcC wasps (both
Sphinginae). F; hybrids resulting from crosses between these
wasp sources and MsT males and CcC females were fertile,
whereas crosses with CcC males or MsT females were sterile.
This overall asymmetric pattern of hybrid sterility is not
explained by the degree of host relatedness or phylogenetic
signal (Forister and Feldman, 2011). A possible explanation
is that as large populations of MsT and CcC wasps become
host limited and disperse, they may utilize other proximate
sphingid hosts on other plants (Kester and Barbosa, 1991a).
Complete reproductive isolation of other host-foodplant sources
of wasps not included in this study cannot be ruled out;

however, the pattern of asymmetric sterility among the sympatric
host-foodplant sources sampled suggests that this is unlikely.
Production of fertile hybrids with both MsT and CcC wasps is
possible (e.g., DmV brood D), but this appears to be exceptional.
Additional studies are necessary to determine the population
structure among different host-associated populations at the
landscape level.

Both MsT and CcC wasps can utilize M. sexta and C. catalpae
as hosts; however, differences in relative expression in vivo of
BV genes illustrate the divergence of these incipient species
(Figure 4). Relative to MsT, two genes from CcC wasps, CcBV 13-
2 and Duffy-like, tended to be more highly expressed, dependent
on the host species parasitized. In contrast, two other BV genes
from CcC wasps, Cystatin I and CrV1, were either not expressed
or had relatively low expression. The best studied BV gene, CrV1,
is involved in the inactivation of host haemocytes and has been
implicated as an important virulence factor during parasitism in
several species including C. congregata (Whitfield, 2000; Amaya
et al., 2005). Both Cystatin I and CrV1 have been shown to
be under strong positive selective pressure (Dupas et al., 2008;
Serbielle et al., 2008; Jancek et al., 2013). Similar to sympatric
MsT and CcC wasps, allopatric host-associated biotypes of
C. sesamiae also differ in CrV1 expression and sequences
(Gitau et al., 2007).

In the current study, three BV genes did not differ in relative
expression in vivo between MsT and CcC wasps (Ankyrin 4,
CcV3-like, and PTP-L). Studies to date indicate that CcBV PTP
genes are generally not under positive selection (Serbielle et al.,
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A MsT x MsT AAT TCC ACA ACG AGG CGG CAT ACA GAT TTT CTT CAG GCT GAT CAA GCA TTA CAA TGA TTT CAG
CcC x CcC AAT TCC AAA ACG AGG CGC CAT ACA GAT TTT CTT CAG GCT GAT CAA GCA TTA CAA TGA CTT CAG
B MsT x CcC AAT TCC ACA ACG AGG CGG CAT ACA GAT TTT CTT CAG GCT GAT CAA GCA TTA CAA TGA TTT CAG
MsT x EpV AAT TCC ACA ACG AGG CGG CAT ACA GAT TTT CTT CAG GCT GAT CAA GCA TTA CAA TGA TTT CAG
MsT x SkP AAT TCC A%A ACG AGG CG% CAT ACA GAT TTT CTT CAG GCT GAT CAA GCA TTA CAA TGA ETT CAG
EpV x CcC AAT TCC AAA ACG AGG CGEC CAT ACA GAT TTT CTT CAG GCT GAT CAA GCA TTA CAA TGA €TT CAG
EpV xDmV AAT TCC ACA ACG AGG CGG CAT ACA GAT TTT CTT CAG GCT GAT CAA GCA TTA CAA TGA TTT CAG
EpV x MsT AAT TCC ACA ACG AGG CGG CAT ACA GAT TTT CTT CAG GCT GAT CAA GCA TTA CAA TGA TTT CAG
SkP x CeC AAT TCC ACA ACG AGG CG% CAT ACA GAT TTT CTT CAG GCT GAT CAA GCA TTA CAA TGA %TT CAG

CAT ACA GAT TTT CTT CAG GCT GAT CAA GCA TTA CAA TGA %TT CAG
CAT ACA GAT TTT CTT CAG GCT GAT CAA GCA TTA CAA TGA TTT CAG
CAT ACA GAT TTT CTT CAG GCT GAT CAA GCA TTA CAA TGA TTT CAG

AAT TCC AARA ACG AGG CGE CAT ACA GAT TTT CTT CAG GCT GAT CAA GCA TTA CAA TGA CTT CAG
AAT TCC ACA ACG AGG CGG CAT ACA GAT TTT CTT CAG GCT GAT CAA GCA TTA CAA TGA TTT CAG

AAT TCC ACA ACG AGG CGG CAT ACA GAT TTT CTT CAG GCT GAT CAA GCA TTA CAA TGA TTT CAG

C MsT x CeC AAT TCC ACA ACG AGG CGG
MsT x EpV AAT TCC ACA ACG AGG CGG
C G
MsT x SkP AAT TCC A;A ACG AGG CGF
EpV x CcC
EpV xDmV
EpV x MsT

SkP x CeC

host post-parasitization by F1 hybrids in (B).

C G
AAT TCC A;A ACG AGG CGE CAT ACA GAT TTT CTT CAG GCT GAT CAA GCA TTA CAA TGA TTT CAG

FIGURE 5 | Variation among Cotesia congregata PTP-p gene sequences (A) MsT and CcC pure lines, (B) F4 hybrid crosses, including hybrid crosses between MsT
and CcC and other field collected host-foodplant complex sources of C. congregata that produced progeny (see Table 1) and (C) in vivo expressed transcripts from

2012; Jancek et al, 2013). In global transcriptomic analyses,
Chevignon et al. (2014) found that PTP-p is expressed in
hemocytes but not the fat body of M. sexta parasitized by C.
congregata. Sequence differences for PTP-p among hybrid C.
congregata from different host-plant food sources (Figure 5)
suggest flexibility that may reflect active modification to counter
host immunity.

Relative expression of BV genes in M. sexta caterpillars
parasitized by MsT and CcC hybrids differed (Figure 4).
Expression of all seven BV genes was detected in hosts parasitized
by MsTd'xCcCg hybrids and was generally intermediate relative
to MsT and CcC parental lines. In comparison, BV gene
expression was not observed or was very low in 12/14
caterpillars parasitized by sterile CcCa'xMsTQ hybrids and in
the remaining two caterpillars, was similar to those parasitized
by MsTa'xCcCgQ hybrids. The low number of parasitized hosts
with detectable BV expression corresponds with the low percent
(~10%) of CcCaxMsTQ hybrids that produced progeny in
an earlier study (Bredlau and Kester, 2015). Dissections of
sterile CcCa'xMsTQ hybrids, as well as sterile hybrids resulting
from the other crosses, revealed that females had either greatly

reduced or absent ovaries. This would result in reduced or
absent production of CcBV particles in the calyx cells (Beckage,
1998), and thus explains the decreased or absent CcBV gene
expression in hosts parasitized by sterile hybrids. The ~10%
of CcCaxMsTQ hybrids that did produce progeny also had
drastically reduced brood sizes (Bredlau and Kester, 2015).
Future studies should include a larger number of BV genes
across a broader array of host-foodplant sources of C. congregata.
Further, comparative genome-scale sequencing studies, similar
to those conducted by Jancek et al. (2013) and Gauthier et al.
(2018) for C. sesamiae and other Cotesia species isolates, as well as
analysis of population structure, are required to understand the
genetic relationships among sympatric host-foodplant sources
of C. congregata.

We are currently investigating genetic mechanisms that
may be responsible for the pattern of asymmetric hybrid
sterility. Although Wolbachia occurs in other Cotesia species
(Mochiah et al, 2002a; Rincon et al, 2006), it typically
results in failure of F; hybrid females to develop, which we
did not observe in our study. Wolbachia was not detected
in a survey of MsT and CcC parent and reciprocal hybrid
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crosses (Gundersen-Rindal and Kester, unpublished data);
however, we do not know if Wolbachia infection occurs in
other populations of C. congregata. The unidirectional lack of
normal ovary development in F; hybrids is similar to hybrid
dysgenesis induced by transposable elements in Drosophila
(Kidwell et al., 1977; Engels and Preston, 1979; Bingham et al.,
1982; Kidwell, 1983). Other factors, including nuclear and
mitochondrial genome incompatibilities may also be involved
(Burton et al., 2013).

In summary, our results indicate that C. congregata consists
of two incipient species that can utilize multiple hosts,
despite differences in host expression of some BV genes. MsT
and CcC wasps are unidirectionally incompatible, resulting
in sterile hybrids that fail to develop both fully functional
ovaries and BV particles necessary to suppress the host
immune system. Cotesia congregata from other host-foodplant
sources are compatible with either MsT or CcC wasps,
and rarely both. Incipient species of endoparasitic wasps
that are primarily specialized for locally abundant hosts can
maintain reproductive isolation while also utilizing less abundant
host species.
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