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Abstract

The intestinal epithelium of insects is exposed to xenobiotics and entomopathogens during the
feeding developmental stages. In these conditions, an effective enterocyte turnover mechanism is
highly desirable to maintain integrity of the gut epithelial wall. As in other insects, the gut of
lepidopteran larvae have stem cells that are capable of proliferation, which occurs during molting
and pathogenic episodes. While much is known on the regulation of gut stem cell division during
molting, there is a current knowledge gap on the molecular regulation of gut healing processes
after entomopathogen exposure. Relevant information on this subject is emerging from studies of
the response to exposure to insecticidal proteins from the bacterium Bacillus thuringiensis (Bt) as
model intoxicants. In this work we discuss currently available data on the molecular cues involved
in gut stem cell proliferation, insect gut healing, and the implications of enhanced healing as a
potential mechanism of resistance against Bt toxins.

Introduction to the larval intestine of Lepidoptera

The insect intestinal epithelium has two overarching functions; provide a barrier between
ingested items (including microorganisms) and the main body cavity (hemocoel), and
nutrient uptake [1]. The monolayer epithelium of Lepidoptera larvae includes four major cell
types: intestinal stem cells (ISCs), goblet cells (GCs), columnar cells or enterocytes (ECs),
and enteroendocrine cells (EEs) (Figure 1). Basal to the epithelial cell layer is an
extracellular matrix (ECM) of circular and longitudinal muscle fibers interwoven with
trachea that provide oxygen used during peristaltic muscle contractions that move the food
bolus along the digestive tube [2].

Each cell type in the gut epithelium has a defined role and contributes to unique
microenvironments in the tissue. For instance, the unique physicochemical conditions in the
gut lumen of Lepidoptera larvae are mostly maintained by the action of vacuolar ATPase
pumps and secretions from GCs [3], while the absorptive role of ECs is evidenced by their
elongated apical microvilli. Endoreplication of ECs results in polyploidy, further
contributing to increased cell size and digestive capabilities [4]. Homeostasis and epithelial
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renewal are ISC-mediated, since these stem cells are the only gut cell type capable of
division and thus represent the only source of new cells during tissue repair and growth. The
ability of ISC to proliferate is remarkable, as the gut surface area increases approximately
200-fold during larval development [5]. The role of EEs in insects is secretory in nature and
regulates the immune response [6], metabolic/endocrine functions associated with growth
[7], lipid metabolism [8], and paracrine/endocrine peptide secretion [9].

Intestinal regenerative mechanisms in Lepidoptera

Midgut growth at each larval instar is initiated by increasing rates of stem cell proliferation
[10] and subsequent differentiation to increase the total cell number [5]. This process has
been best characterized in Drosophila adult gut epithelium as a relevant genetic model. In
Drosophila epithelium, asymmetric ISC divisions assure maintenance of a constant number
of ISC cells. Alternatively, gut ISCs may also undergo symmetrical division which may be
followed by differentiation to provide a net increase in the number of midgut cells in
response to abundant nutrients [11]. However, once gut stem cells differentiate they are
incapable of reverting to stem cells [12], in contrast to dedifferentiation processes
documented in alternative insect tissues [13].

In Lepidoptera, much progress has been made using primary midgut cell cultures from
larvae. These cultures are optimal models to study gut regeneration, as they preserve the
proliferative and differentiation features observed during molting [14°] and during the
regenerative response to gut injury [15]. Similar to observations in Drosophila, isolated
Lepidoptera ISCs undergo asymmetric cell division during epithelial growth and repair
(Figure 1), and ISC symmetric differentiation has also been observed with some midgut
differentiation factors (MDFs), as detailed below [16]. This dual fate of stem cells is also
detected in cultured midgut stem cells from Heliothis virescens larvae; differentiation
progressed in the presence of fetal bovine serum, while proliferation was observed in the
presence of Albumax Il [17]. Other mitogens for cultured stem cell systems were identified
from conditioned media and hemolymph (reviewed in [18]). The first MDF identified from
conditioned media was a 30 amino acid peptide with high identity to the C-terminus of
fetuin [19], a protein that promotes cell attachment and growth in mammals [20].
Undigested fetuin did not have an effect on H. virescens midgut cell cultures and only after
tryptic digestion one of the resulting peptides was identified as midgut growth factor MDF2
[19]. Additional peptides inducing midgut stem cell differentiation (MDF3 and MDF4) were
isolated from chymotryptic digestion of Lymantria disparhemolymph [21]. However, 100%
differentiation of Lepidoptera stem cell cultures has never been observed with these MDFs,
suggesting the existence of additional differentiation factors, including ecdysone [22], a-
arylphorin [23] and insulin-related bombyxin [24]. In the case of a-arylphorin there is also
evidence for mitogenic activity on gut cells /n vivo [25], where 4th instar Manduca sexta
larvae displayed weight gain after feeding on arylphorin.

Apart from I1SCs, regeneration of midgut epithelia in Lepidoptera is also regulated by
tracheal stem cells (TSCs) within the ECM and basal lamina. These cells are cued to
undergo cell division during the larval molt to increase the amount of trachea supporting the
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muscle layer as the size of the epithelium increases with 1SCs division and differentiation
[26].

Similar to the gut growth process observed during molting, ISCs proliferate and differentiate
to restore gut epithelial integrity after diverse biotic and abiotic injuries. However, at least in
some cases gut healing may involve additional processes distinct from 1SC proliferation. For
example, gut healing in Bombyx morilarvae after physical perforation involved recruitment
of hemocytes and production of a melanized scab, and stem cell proliferation detected as
DNA duplication [27]. In contrast, the response to infection with the bacterium Bacillus
thuringiensis (Bt) involved a regenerative mechanism [28,29], which /n vitro it has been
shown to depend on asymmetrical ISC division [15]. Interestingly, an increase in the number
of midgut cells producing MDF1 peptide was detected after treatment with Bt toxins [15],
suggesting a potential role for this peptide in response to intoxication.

Ingestion of plant xenobiotics can also have a drastic effect on these healing defensive
responses to concurrent entomopathogen ingestion. For instance, the sloughing of virus-
infected midgut cells occurred at a higher rate in insects that fed on cotton compared to
artificial diet. Cellular sloughing contributed to the prevention of spread of infection and
resulted in decreased susceptibility to nucleopolyhedrovirus [30]. Further support for this
mechanism was provided by the inhibition of midgut cell sloughing with stilbene-derived
brighteners, which restored susceptibility to nucleopolyhedrovirus in 7richoplusia ni and H.
virescens [31].

Control of the midgut regenerative response

The adult Drosophila intestine has been the premier model for the genetic characterization of
regeneration and homeostasis. Readers are directed to an in-depth recent review of relevant
Drosophila literature [32°]; as only main concepts are described in this section. In contrast to
the four gut cell types of lepidopteran larvae, a fifth cell type named transient amplifying
(TA) cells, appears only during pathogenic episodes in Drosophila. The gene expression
profiles and intracellular regulators of 1ISCs have been described in-depth to ascertain the
molecular characteristics defining the intestinal stem cell condition [33]. In Drosophila 1SCs
the proliferation or differentiation fate depend on an interaction between expression of
nuclear binding transcription factors [33]. Another relevant factor in determining ISC fate in
Drosophila is the directionality of ISC secretion and uptake. Thus, the apical and basal
localization of receptors and ligand secretion dictates the differentiation cues underlying the
Notch signaling pathway [34]. High levels of Notch ligand in differentiating cells promotes
EC differentiation corresponding to high levels of its Delta receptor. Alternatively, low levels
of Notch result in differentiation to EE [35]. The cytosolic release of Ca2* from intracellular
storage in response to extracellular cues has been described as necessary during 1SC
responding to growth factors and cytokines [36]. These molecular cues are produced by
ISCs, the ECM and basal visceral muscle, damaged mature epithelial cells, and not fully
differentiated EBs to activate proliferation and differentiation. Pathways involved in
homeostasis and repair of gut epithelial damage include the janus kinase signal transducer
activator of transcription (JAK/STAT) pathway and its interaction with the epidermal growth
factor receptor (EGFR) [37,38]. The role of surrounding differentiated cells on modulating
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gut homeostasis by ISCs has also been established. For instance, enteroendocrine cells are
the only secretory cells in the Drosophila intestine and regulate insulin peptide production in
the basal lamina muscle, directly affecting ISC proliferation [39].

In contrast to the detailed models of gut homeostasis emerging in Drosophila, little is known
about the specific molecular signals involved in controlling the gut healing response in other
insect orders. In this review, we concentrate on response to Bt toxins as an area of research
in which relevant progress has been made to describe the gut healing response in mostly
non-model insects of agricultural importance. While specific events modulating the gut
healing response to Bt toxins are unknown, relevant information is emerging from recent
transcriptome, proteomic and functional genomic analyses of exposure to Bt toxins in
diverse insects. In general, insects usually reduce their digestive activity, concomitant with
an increase in immune related function.

In mosquito (Aedes aegypti) larvae, exposure to mosquitocidal Bt toxins has been shown to
induce upregulation of components of the mitogen-activated protein kinase (MAPK)
cascade, while cell proliferation was among the down-regulated functions [40]. More
specifically, the MAPK p38 pathway was reported to be activated in response to Cry toxins
from Bt in both Diptera and Lepidoptera [41°]. In fact, genetic knockdown of p38 resulted in
increased insect susceptibility to Bt toxins. Studies evaluating the response of
Caenorhabditis elegans to nematocidal Cry toxins, identified downstream responses to
activation of the p38 MAPK pathway, including the upregulation of stress response genes
and ion transporters [42,43]. One of these stress responses is the activation of the unfolded
protein response (UPR) pathway, which has been reported to be activated in response to
CryllAain A. aegypti [44].

Studies in Coleoptera have also identified putative immune-related genes and proteins with
increased levels after exposure to Cry proteins. However, their role in the gut regenerative
response has not been experimentally tested. In the genetic model 7ribolium castaneum,
proteomic and transcriptomic studies have identified apolipophorin 111 as being upregulated
in response to Cry3 proteins [45,46]. Selective up-regulation of apolipophorin 111 only
occurs after exposure to Cry proteins active against 7. castaneum [47], supporting the
important role of this protein in the gut response to intoxication. While the specific role of
this protein in the gut defense response is not known, reports in the lepidopteran Helicoverpa
armigera suggest sequestration of circulating Cry toxins by lipids associated to lipophorins,
preventing damage to enterocytes [48]. Transcriptome profiling identified up-regulation of
genes involved in signaling, detoxification and cell structure as up-regulated in 7enebrio
molitor larvae after intoxication with Cry3Aa toxin [49°]. Genes with reduced expression
were involved in diverse metabolic pathways, suggesting shutdown of digestion and a
concomitant up-regulation of energy production through respiration in response to
intoxication. A similar response was observed in larvae of western corn rootworm,
Diabrotica virgifera virgifera, during exposure to Cry3Bb [50]. Interestingly, alteration in
gene expression in 7. molitoralmost ceased after 24 h, supporting tight control of the midgut
response to intoxication [49°].
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Lack of reliable genomic resources has hindered the ability to identify genes responding to
Cry intoxication in Lepidoptera, yet some gene families are emerging as critical components
for a successful response to Cry intoxication. For instance, the response to pathogens
(REPAT) genes identified in Spodoptera exigua have been commonly reported to display
differential expression in response to Cry [51°] or vegetative insecticidal proteins (Vip) [52°]
from Bt. While the specific role for REPAT genes in gut healing is unknown, their activity as
transcription factors, high sequence diversity, and specific expression profiles in response to
selected pathogens, suggest that they are involved in multiple defensive processes [53].
Another gene family that has been associated with midgut response to Bt intoxication are
hexamerins, more specifically arylphorins. These genes are believed to be produced in fat
body and involved in transport/storage functions [54]. However, there is evidence for
arylphorin being secreted basally by midgut cells [55] into the area occupied by stem cell
nidi. Specifically, a-arylphorin is of particular interest because it has direct mitogenic
properties on ISCs [23] and can induce gut hyperplasia by feeding [25]. Furthermore, the
role of arylphorin in midgut healing is supported by levels increasing after ingestion of
bacteria [56], although this increase may be related to a role as inducible effector protein in
insect immunity [57]. However, arylphorin transcripts were highly downregulated in larval
midguts of L. disparafter ingestion of a Bt pesticide [58], after intoxication of S. exigua
larvae with Vip toxin [52°] or in Ostrinia nubilalis larvae exposed to Cry1Fa protoxin [59].
While these reports may contradict a role for arylphorin in midgut healing, it is important to
consider that the mitogenic effect of arylphorin is highly dependent on concentration. Thus,
low concentrations induce mitogenic activity [23], while increasing arylphorin levels result
in lack of proliferative effects [22,25]. Consequently, it is plausible that discrepancies in
detecting association between increased arylphorin and gut regeneration in response to Bt
intoxication may represent the down-regulation (not an increase) of arylphorin necessary to
exert its mitogenic function. Interestingly, this hypothesis would help explain the dual
function described for arylphorin; an immune function (tissue healing) at low concentrations
and a storage function at higher concentrations. Further research is needed to test this
hypothesis.

As discussed in the previous section, the MDF1 peptide was also suggested as mitogen
involved in the midgut healing response to Bt toxins /n vitro [15]. While this peptide is
identical of the C-terminus of bovine fetuin, BLASTp searches do not detect significant
matches of MDFL1 to any insect protein (data not shown). Consequently, it is plausible that
this peptide was generated by hydrolysis of media components. However, increased
detection of MDF1-positive cells suggests this peptide or a similar protein is produced by
midgut cells after exposure to Bt toxins. Unfortunately, no research has been performed on
the functional participation of MDF1 in midgut regeneration after exposure to Bt toxins.

Intestinal regeneration and resistance to Bt

The efficacy of Bt pesticides and transgenic Bt crops depends on insecticidal proteins such
as the Cry or Vip toxins. Consequently, alterations in any of the steps in the mode of action
of these toxins could potentially result in resistance [60]. The multi-step mode of action of
Cry proteins has been recently reviewed [61] and includes: First, an activation step in the
midgut fluids of the host, second, binding conducive to toxin insertion on the enterocyte
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membrane and pore formation, third, osmotic enterocyte death, and fourth, collapse of the
intestinal barrier that allows resident gut bacteria to invade the hemocoel resulting in
septicemia and ultimately insect death. In the vast majority of cases resistance to Cry toxins
involves alterations in midgut toxin receptors, which results in cross-resistance to Cry toxins
sharing recognition of the altered receptor site [60]. However, cases of resistance to Cry
toxins involving alterations in toxin processing by midgut fluids [62] or an enhanced gut
healing response [63] have also been reported in Lepidoptera. Non-receptor related
resistance mechanisms represent a serious threat to Bt pesticides and Bt crops, since they
affect steps common to all Cry toxins and would result in cross-resistance to a wide range of
Bt insecticidal proteins. Moreover, a mechanism preventing resident gut bacteria from
invading the hemocoel and causing septicemia could also affect efficacy of alternative
entomopathogens infecting per os.

There are only two reports in the literature of resistance to Cry toxins involving an enhanced
midgut healing response, both cases involved resistance to CrylAc in the tobacco budworm,
H. virescens [63,64]. In both cases, cross-resistance to multiple Cry toxins with different
binding sites was observed [65]. These results further supported the hypothesis of resistance
by alterations in a common step in the mode of action of the toxins such as enhanced healing
or toxin processing by midgut fluids [66]. This enhanced midgut regenerative response in
resistant larvae is suggestive of increased production of mitogens or new midgut growth
factors, or differences in the sensitivity of stem cells to mitogens. While a number of
mitogens with activity on midgut stem cells have been reported (reviewed in [18]), their
relative production in larvae from the susceptible and resistant H. virescens strains has not
been determined.

Based on the information described in the previous section on genes hypothesized to
participate in the mid-gut response to Bt toxins, candidate genes involved in an enhanced
regenerative response in Cry-resistant insects include REPAT and arylphorin. In fact,
constitutive increased expression of both REPAT and arylphorin genes was detected in a
strain of S. exiguaresistant to Xentari [67], a Bt pesticide containing Cry toxins with
different binding receptors in the larval midgut. As explained above, this cross-resistance
phenotype would suggest that resistance involved alterations in common steps in the mode
of action of the toxins, such as processing or effective midgut epithelium disruption.
However, staining of midgut cells for DNA synthesis as proxy for proliferation determined a
decreased number of proliferative cells in resistant versus susceptible larvae [67]. Moreover,
no increase in ISC proliferation was detected after exposure of susceptible larvae to the Bt
pesticide, suggesting that S. exigua larvae may not respond to exposure to Cry toxins by
activating the gut healing response. In agreement with this observation, feeding of
Spodoptera frugiperda larvae on Bt cotton producing the Cry1Ac toxin resulted in epithelial
damage, which was not associated with an increase in ISCs when comparing to feeding on
non-Bt cotton isoline [68]. Because diverse time points were not examined in those reports,
an alternative explanation for these observations of no ISC increase is that the ISC
differentiation was predominant over proliferation during the time of observation, as
suggested from observations of Alabama argillacea exposed to Bt cotton [69] or exposure to
Bt pesticides in susceptible and resistant strains of Plutella xylostella[70].
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While not experimentally tested to date, the observation that selected REPAT and arylphorin
genes appear to display similar expression profiles during exposure to Bt toxins [52°,67], and
that REPAT genes have been proposed as transcriptional regulators [71] may be suggestive
of REPAT genes participating in arylphorin expression. Interestingly, silencing expression of
the ATP binding cassette (ABCC) transporter gene expression in S. exigua larvae resulted in
up-regulation of the same REPAT and arylphorin genes that respond to Bt intoxication and
were found constitutively up-regulated in the Xentari-resistant strain [72]. Although
speculative [73], these observations support a model in which genetic pathways in the insect
are activated during exposure to the Cry toxin generating a direct down-regulation of toxin
receptors and up-regulation of putative gut healing factors (such as arylphorin) to reduce
epithelial damage and avoid gut disruption. In agreement with this hypothesis, resistance to
CrylAc in P xylostellawas genetically linked to down-regulation of Cry1Ac receptor genes
ABCC and alkaline phosphatase, which was #rans-regulated by a gene in the MAPK kinase
signaling pathway [73°]. The potential frans-regulation of arylphorin expression by the
MAPK kinase pathway in response to Bt intoxication needs to be further explored.

Conclusions and future perspectives

Damage to the insect digestive system by entomopathogens and their toxins activates a
defensive response that seems to be conserved among distinct insect groups. One of the most
relevant processes of this defensive response is the regeneration of the epithelium by
replacing diseased with newly differentiated midgut cells. This mechanism depends on
midgut stem cell proliferation and differentiation and seems capable of allowing insects to
survive exposure to entomopathogens. An enhanced gut regenerative response was proposed
as resistance mechanism to diverse Cry toxins in H. virescens, although evidence of similar
resistance mechanism in other insects is lacking. It is expected that this enhanced
regenerative response is controlled by increased production of mitogenic factors.

The genes REPAT and arylphorin have been reported to differentially change expression in
response to exposure to Bt and other entomopathogens. Arylphorin is a candidate protein to
regulate regeneration after intoxication given that it is expressed by midgut cells, it has
mitogenic effect on gut stem cells, and displays altered expression during infective
processes. Discrepancies in the literature in regards to changes to arylphorin expression
during gut healing may be explained by differential functions of arylphorin which are
concentration dependent; lower concentrations appear critical for a mitogenic effect, thus
requiring a tight regulation during response to intoxication. There are no data available on
gut stem cells detection of arylphorin and the specific molecular pathways activated by
arylphorin in gut stem cells, yet there is preliminary evidence of potential regulation of
arylphorin expression by REPAT genes. A model for a coordinated response after Bt
exposure regulated by MAPK pathways that includes downregulation of Bt toxin receptors
coupled to upregulation of genes involved in gut healing is emerging from recent
publications. Characterization of the gut regenerative process will help shed more light on a
defensive mechanism that can result in resistance to diverse Bt toxins and other
entomopathogens targeting the insect gut epithelium, and potentially identify targets for
novel insecticidal technologies.
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Figure 1.
Diagram of the main cell types in the midgut of lepidopteran larvae and the steps in the

process of epithelial healing in response to intoxication with toxins from Bacillus
thuringiensis (Bt). Less abundant enteroendocrine cells are also present in the midgut are not
represented in the figure.
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