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At weaning, the intestinal mucosa surface glycans change
from predominantly sialylated to fucosylated. Intestinal
adaptation from milk to solid food is regulated by intrinsic
and extrinsic factors. The contribution by glucocorticoid,
an intrinsic factor, and colonization by microbiota, an ex-
trinsic factor, was measured as the induction of al,2/3-fuco-
syltransferase and sucrase-isomaltase (SI) activity and gene
expression in conventionally raised, germ-free, and bac-
teria-depleted mice. In conventionally raised mice, corti-
sone acetate (CA) precociously accelerated SI gene
expression up to 3 weeks and fur2 to 4 weeks of age. In
germ-free mice, CA treatment induces only SI expression
but not fucosyltransferase. In post-weaning bacteria-defi-
cient (germ-free and bacteria-depleted) mice, fuz2 expres-
sion remains at low suckling levels. In microbiota deficient
mice, intestinal fur2 (but not futl, futd4 or fut7) was induced
only by adult microbiota, but not immature microbiota or
CA. Fur2 induction could also be restored by colonization
by Bacteroides fragilis, but not by a B. fragilis mutant
unable to utilize fucose. Restoration of fuz2 expression (by
either microbiota or B. firagilis) in bacteria-depleted mice is
necessary for recovery from dextran sulfate sodium-induced
mucosal injury. Thus, glucocorticoids and microbes regu-
late distinct aspects of gut ontogeny: CA precociously accel-
erates SI expression and, only in colonized mice, fur2 early
expression. The adult microbiota is required for the fuz2 in-
duction responsible for the highly fucosylated adult gut
phenotype and is necessary for recovery from intestinal
injury. Fut2-dependent recovery from inflammation may
explain the high incidence of inflammatory disease
(Crohn’s and necrotizing enterocolitis) in populations with
mutant FUT2 polymorphic alleles.
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Introduction

Development of the mammalian gastrointestinal tract is divided
into three major phases demarcated by birth and weaning: in
utero development, the suckling period, and the juvenile phase.
The transition from one phase to another is precisely coordi-
nated and tightly regulated by intrinsic and extrinsic factors.
The first major transition at birth prepares fetal gut for digestion
and absorption of milk. The second transition at weaning pre-
pares the gut for digestion and absorption of solid food
(Henning 1987; Montgomery et al. 1999; Nanthakumar 2001).
The first transition is often assessed by the expression of lactase,
responsible for digesting the milk sugar lactose, a suckling
phenotype marker (Henning and Nanthakumar 1994). The
second transition is typically measured as the induction of dis-
accharidases, such as sucrase, isomaltase, maltase, etc., which are
responsible for terminal digestion of carbohydrates of adult
food. These markers are traditionally used to measure the on-
set of intestinal maturity (Henning and Nanthakumar 1994,
Nanthakumar 2001). The maturational changes of these enzyme
markers are regulated at the level of transcription by intrinsic
and extrinsic mechanisms.

Critical intrinsic and extrinsic factors that regulate intestinal
maturation are circulating glucocorticoids and gut microbiota,
respectively. Using sucrase induction as an outcome, exogen-
ous and endogenous circulating glucocorticoid has been shown
to precociously induce intestinal maturation (Nanthakumar and
Henning 1993). The in vivo importance of glucocorticoids was
reaffirmed by the discovery of a developmental surge of circu-
lating corticosterone in the rat and mouse 2 days prior to the
initiation of sucrase induction (Martin and Henning 1984).
Elimination of this endogenous surge by adrenalectomy con-
firms the importance of glucocorticoids for coordination of
this developmental transition (Martin and Henning 1984;
Nanthakumar and Henning 1993; Henning and Nanthakumar
1994). Both exogenous and endogenous glucocorticoids admi-
nistered during the first week of post-natal life can also preco-
ciously induce the adult phenotype of rodent gut (Martin and
Henning 1984; Nanthakumar and Henning 1993; Henning and
Nanthakumar 1994). In addition to inducing digestive and ab-
sorptive capacity to adult food, glucocorticoids can also accel-
erate the proliferative and migratory capacity of the newly
differentiated cells in the small intestine (Henning 1987;
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Montgomery et al. 1999). The direct effect of glucocorticoids
on the proliferative and maturational capacity of the intestine
has been demonstrated in explant cultures (Simo et al. 1992).
However, intestinal responsiveness to glucocorticoids is lost by
the fourth post-natal week, after the intestine matures into the
adult intestinal phenotype (Nanthakumar and Henning 1993);
the mechanism responsible for the loss of glucocorticoid re-
sponsiveness is not known. Disaccharidases are widely used as
tissue-specific markers to study the mechanism of steroid action
on initiating the onset of the adult phenotype (Nanthakumar
2001; Nanthakumar et al. 2005). However, disaccharidase mat-
uration is insensitive to luminal factors, including microflora
(Henning 1987; Nanthakumar 2001). Developmentally de-
pendent expression of glycosyltransferases can be influenced
by the microbiome (Dai et al. 2000; Nanthakumar et al. 2003)
and are also good markers of mucosal maturation. Thus, study-
ing the interplay between steroids and luminal microbes in the
ontogeny of gut maturation can be achieved by monitoring both
a representative disaccharidase and glycosyltransferase.

The terminal ends of glycoconjugates in the suckling gut are
predominantly sialic acid, whereas in the adult they are predom-
inantly fucose (Biol et al. 1987; Dai et al. 2000). Therefore, the
ratio of sialic acid to fucose in non-reducing terminal residues
of glycoconjugates in the rodent gut epithelium reverses from
high (sialic acid dominant) to low (fucose dominant) at the
time of weaning (Biol et al. 1987; Dai et al. 2000, 2002;
Nanthakumar et al. 2003). These changes in the composition of
the terminal ends of glycans are due to decreasing levels of sia-
lyltransferase activity with concurrent increases in the level of
fucosyltransferase activity (Biol et al. 1987; Bry et al. 1996;
Dai et al. 2000, 2002; Nanthakumar et al. 2003). The develop-
mental decline in o2,3/6-sialyltransferase activity are observed
in conventionally raised mice. However, in the absence of
microbes in germ-free mice, these developmental changes of
02,3/6-sialyltransferase enzyme activities are not observed (Dai
et al. 2002), and the suckling pattern of glycosylation persists
(Dai et al. 2002; Nanthakumar et al. 2003). However, introduc-
tion of a mixture of adult fecal microbiota or Bacteroides the-
taiotaomicron, one of its predominant species, can initiate
fucosyltransferase expression to adult type within 2 weeks (Bry
et al. 1996; Nanthakumar et al. 2003). Thus, differential glyco-
sylation from the sialic acid predominant suckling phenotype to
the fucose dominant adult phenotype of the mucosa defines the
transition from pre- to post-weaning mouse intestine.

al,2-Fucosyltransferase and sucrase activities were used as
markers to delineate the role of extrinsic and intrinsic factors on
this post-natal transition. The studies specifically address
whether regulation of developmental al,2-fucosyltransferase
(FucT II) expression is independent of sucrase ontogeny, gluco-
corticoids regulate these processes, gut colonization influences
this regulation, and post-weaning mucosal fucosylation influ-
ences homeostasis of adult gut. The ontogeny of ol,2-
fucosyltransferase (GDP-Fuc: ol,2-fucosyltransferase) and
sucrase-isomaltase (SI) gene expression was determined by
measuring their enzyme activities, mRNA levels, and glyco-
conjugate expression in the mouse gut. These developmental
studies were carried out using conventionally colonized mice,
uncolonized germ-free and bacteria-depleted mice, and
re-colonized mice. Recolonized mice were previously germ-free
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and bacteria-depleted mice, which had been inoculated with
normal gut microbes freshly collected from age-matched colo-
nized mice. The roles of intrinsic (glucocorticoid) and extrinsic
(gut microbiota) factors were monitored in duodenum,
jejunum, ileum and colon to determine their interactions on gut
maturation pre- and post-weaning. Finally, the role of
bacteria-induced fucosyltransferase activity on gut homeostasis
was investigated. These experiments are designed to help
understand the physiology of controlling gut development
thought to underlie emerging inflammatory diseases whose
risk factors include FUT?2 polymorphisms.

Results

In conventionally colonized mice, the developmental expres-
sion of a1,2/3-fucosyltransferase activity and of sucrase activity
was measured in the intestine for the first 6 weeks of life. Week
2 represents the preweaning gut, and week 6 represents the
mature gut. The ol,2/3-fucosyltransferase assay measured
changes in al,2- or 1,3-fucosyltransferase activity, simultan-
eously screening for changes in the expression of several
fucosyltransferase genes. We devised the assay with phenyl-
B-p-galactoside, a substrate that measures broad ol,2- and
1,3-fucosyltransfease activity, as we did not know a priori
which might be affected. The fucosyltransferase activity
increased in all regions of the intestine between the 2nd and 3rd
weeks of life and reached the mature level found in the adults
by the fourth week (P <0.001; Figure 1). The sucrase activity
followed a parallel increase in the maturing duodenum, jej-
unum, and ileum (P <0.001); sucrase is not expressed in the
colon. Although all four regions displayed maturation-
dependent increases in fucosyltransferase activity, absolute ac-
tivities were much lower in the proximal gut than in the distal
gut. SI activity was highest in the jejunum and lowest in the
duodenum and ileum. These systematic regional differences
follow their function: the digestion of disaccharides occurs
mostly in the jejunum, and this is where the disaccharidases are
expressed most heavily. In contrast, if the fucosylated cell
surface of the mucosa relates to their interaction with the micro-
biota (Nanthakumar et al. 2003), the increasing proximal-to-
distal gradient follows that of the density of the microbiota.
Both of these activities increase with the maturation of the gut
at weaning. Note that fucosyltransferase activity is initially high
in colon, even during the suckling period, and the colon is also
heavily colonized at this time.

Mice were treated with CA on day 10; on day 14, fucosyl-
transferase and sucrase activities were measured to determine
glucocorticoid effect on intestinal development. CA administra-
tion accelerated the maturation of intestinal fucosyltransferase
and sucrase activities in all regions of the small and large intes-
tine (Figure 2A).

The change in the ol,2/3-fucosyltransferase activity could
be due to changes in the expression of any of several fucosyl-
transferase genes. To determine which of the ol,2- or al,3-
fucosyltransferase genes were driving this change, expression
of futl and fur2 (the al,2 gene family) and fut4 or fut7 (repre-
senting commonly expressed members of the a1,3 gene family)
were measured as levels of their respective mRNAs. Under
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Fig. 1. Post-natal development of .1,2/3-fucosyltransferase activity (FucT ==g=) (nmol/mg protein/h) and sucrase activity **#+* (umol/mg protein/h) in the mouse
(A) duodenum, (B) jejunum, (C) ileum and (D) colon. Six to eight litters of pups were used, and age denotes the post-natal week. Results are expressed as the
mean + SEM compiled from three samples. Tissues were pooled from six to eight mice per sample for 1- and 2-week-old mice and at three tissues per sample for

4- and 6-week-old mice.

all of our experimental conditions that resulted in induction
of ol,2/3-fucosyltransferase activity, only expression of fur2
mRNA increased, and the magnitude of change was greater
than that of the enzyme activity, consistent with the changes in
the mixed fucosylation activity of the intestinal mucosa being
driven primarily by altered transcription of the fut2 gene.

In Figure 2B, the increase in fucosyltransferase activity and
sucrase activity in response to CA corresponded to an even
more pronounced increase in fut2 mRNA and SI mRNA, re-
spectively. In contrast, these activities do not change in other
organs such as the liver (not shown), indicating that cortisone
induces precocious maturation specifically in the maturing in-
testine.

The duration of sensitivity to cortisone induction was mea-
sured for both fucosyltransferase and sucrase. Mice were
treated on days 9, 13, 17, and 23 with CA or vehicle control,
and the pups were sacrificed on postnatal days 14, 18, 22, and
28, respectively. Figure 3 shows data from the ileum, but all
three regions of the small intestine displayed similar changes.
The sensitivity of sucrase activity to glucocorticoid-mediated
precocious induction was lost by day 17, whereas the sensitivity
of fut2 induction to CA persisted until day 22. Changes in
enzyme activity were accompanied by parallel changes in fuz2
and SI mRNA expression, consistent with the cortisone effect
on enzyme activity occurring at the level of transcription. The
changes in fucosyltransferase activity coincided with even
stronger parallel changes in fu2 mRNA expression, but no
changes were evident in expression of futl, fut4, or fut7. These
data are consistent with the changes in intestinal fucosylation

being specifically mediated by changes in fuf2 gene expression.
The changes in sensitivity for SI coincide with weaning and
for fut2 with the rapid change in the intestinal microflora that
follows weaning.

The role of intestinal microbes per se on the ontogeny of
intestinal fut2 at weaning was investigated. To differentiate
the effects of any programmed changes in the internal milieu
at weaning from the concurrent changes in the external en-
vironment, diet, and colonization, post-natal development in
conventionally colonized mice was compared with that of
germ-free mice. Distinct from the intestinal increase in fur2
during development observed in conventionally colonized mice
(Figure 1), germ-free mice did not display age-related changes
in fucosyltransferase activity through week 6, except for a
modest increase in the colon (Figure 4). FucT II activity
remained at the low levels typical of the immature mucosal
phenotype, suggesting that luminal microbes might play an es-
sential role in the normal induction of intestinal fut2 gene ex-
pression. To directly test this hypothesis, germ-free mice were
inoculated with microflora from conventionally colonized
6-week-old mice (ex-germ-free adult) and sacrificed 2 weeks
after inoculation. Upon the introduction of luminal bacteria from
aged-matched conventionally colonized mice, the levels of fuco-
syltransferase activity increased to that of conventionally colo-
nized mice in the duodenum (P<0.01), jejunum (P<0.01),
ileum (P <0.001), and colon (P <0.001) (Figure 4). In contrast,
sucrase enzyme activities were similar in conventionally colo-
nized, germ-free, and ex-germ-free mice in all regions of the
small intestine, whether inoculated at 4 (Figure 4) or 6 (not
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Fig. 2. Effect of CA on precocious maturation of (A) a.1,2/3-fucosyltransferase activity (nmol/mg protein/h) and sucrase activity (umol/mg protein/h) and (B) fur2
mRNA and SI mRNA in the suckling mouse gastrointestinal tract. Four litters of pups were used; on post-natal day 10, half the pups in each litter were either treated
with CA or vehicle (VEH; saline) and tissue were harvested and assayed on day 14. Each bar represents the mean + SE of 3-4 samples. *P <0.05 vs control (VEH)

group.

shown) weeks of age. The next experiment was to determine if
the microbiota of the suckling mouse is capable of inducing
adult-type fucosylation. Bacteria-depleted mice were inoculated
with the suckling microbiota isolated from a 7-day-old pup. Two
weeks after inoculation, the microbiota of the adult mouse
(P<0.001), but not the microbiota of the suckling mouse
(P>0.8), was able to induce adult-type fucosylation in all seg-
ments of the small and large intestine (data not shown).
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Confirming these results, levels of fur2 mRNA (Figure 5)
remained low in germ-free mice until inoculation with
adult mouse microbiota, whereupon the fur2 mRNA levels
rose to those of conventionally colonized mice. In stark con-
trast, SI mRNA levels remained unchanged by colonization
(Figure SH). Thus, changes in intestinal FucT II activity are
controlled by the induction of fuz2 mRNA by adult microbiota.
No such changes were evident for the constitutive low levels of
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futl mRNA (Figure 5E), fut4 mRNA (Figure 5F), or fut7  mice to CA treatment was compared with that of germ-free
mRNA (Figure 5G). mice (Figure 6). On day 10, conventional and germ-free mice

To determine the interaction between CA and colonization =~ were treated either with CA or vehicle control, and on day 14,
by microbiota in immature mice, the response of conventional ~ the levels of SI and fuz2 were assessed in each region of the
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intestine. As before, CA treatment precociously induced both
sucrase and fucosyltransferase activities (P <0.001), and their
mRNA levels (P<0.01), in conventional mice. However,
only sucrase activity (P<0.001) and mRNA (P<0.01) were
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induced by CA in germ-free mice. The fucosyltransferase activ-
ity and fut2 mRNA levels did not respond to CA and remained
at the suckling level. This implies that signaling to the intestinal
mucosa by the microbiota may be required for cortisone to
induce precocious fucosylation of the gut mucosa.

Expression of ol,2-fucosylated-glycans was visualized in
frozen sections by the a1,2-fucose-specific lectin, UEA-I, con-
jugated with Texas Red. Identical sections in which 100 mM
L-fucose accompanied the Texas Red-UEA-1 during staining
did not display any binding, indicating that the UEA-1 binding
was specific to fucosylated moieties. Terminal ol,2-fucose-
containing glycans were diminished in the colon of bacteria-
depleted (Figure 7A) and germ-free (not shown) mice;
however, reintroduction of the microbiota, or one of its major
bacteria (B. fragilis), induced recovery of ol,2-fucosylated-
glycans to the higher levels found in conventionally colonized
mice. The changes in al,2-fucosylated glycoconjugate expres-
sion were prominent on the cell surface, but also were apparent
in the mucus of the goblet cells.

To determine whether the loss of the fucosylated phenotype
of bacterially depleted mice was mediated by the loss of fuco-
syltransferase expression, fucosyltransferase activity and fit2
mRNA levels were measured in these tissues. Adult levels of
fucosyltransferase activity and fut2 mRNA are lost with lack of
bacterial colonization (BD; Figure 7B), but are restored upon
recolonization (XBD); they are also restored by colonization
with one of the dominant fucose utilizing bacteria of the adult
microbiome, B. fiagilis™ ', but not by the same bacterium with
a mutation that deprives it of the ability to utilize fucose,
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B. fragilis, but not in mice that lack colonization (BD), or are colonized by the mutant B. fragilis (B. frag

Muty and hence lack fucosylation. These data link the

expression of the fucosylated phenotype with intestinal homeostasis, manifest as mucosal recovery from injury.

B. frag™™". Thus, B. fragilis induces the expression of the fuco-
sylated phenotype through the induction of fucosyltransferase
activity (Figure 7B).

The functional consequence of this immature, low fucosyla-
tion in bacteria-depleted mouse gut was investigated through
the induction of mucosal injury by the chemical irritant, DSS.
Recovery from DSS colonic inflammation was compared
between conventionally colonized and bacteria-depleted mice.
Conventionally colonized mice fully recover from the mucosal
injury over 2 weeks, but in the absence of colonization
(bacteria-depleted mice), recovery does not occur (P<0.01).
Recovery from DSS-induced mucosal injury occurs in mice
that are colonized (CONV), recolonized (XBD), or colonized
by wild-type B. fragilis. Recovery does not occur in mice that
lack fucosylation due to a lack of colonization or are colonized
by the mutant B. fiagilis (B. frag™"; Figure 7C), which is
unable to utilize fucose or induce mucosal fucosylation. These
data link the expression of the fucosylated phenotype with in-
testinal homeostasis involved in mucosal recovery from injury.
Recovery from the colonic damage induced by TNBS and OXA
also required bacteria-dependent fucosylation (not shown).
These results strongly suggest that fucosylation is dependent on
colonization, and that proper fut2-dependent FucT II fucosyla-
tion of the intestinal mucosa is required to maintain tissue
homeostasis and recovery from inflammatory chronic injury.

Discussion

Many intrinsic signals mediate and modulate the genetic
program of development. Glucocorticoids are common intrinsic
signals that mediate genetically programmed milestones of
tissue development, including mammary gland development at

puberty (Cunha and Hom 1996) and lactogenesis (Convey
1974), early lung maturation (Farrell 1977; Henning 1987), and
post-natal development of the intestine (Henning 1987). Thus,
the glucocorticoid surge that accompanies parturition (Farrell
1977; Henning 1987) mediates the rapid maturation of the lung
needed for the immediate transition to breathing, the maturation
of digestive function for the transition to obtaining nutrients
directly from food (Henning 1987), preferably milk, and the
modulation of the mucosal immune function (Rock 1999) that
permits colonization without excess inflammation. Similarly,
the glucocorticoid surge at weaning mediates intestinal adap-
tation to solid foods; it is modeled in the laboratory either as ex-
ogenous administration of steroids or as elicited surges in
endogenous circulating glucocorticoid, and precociously
induces the suckling to adult transition of the gut (Henning
1987; Henning and Nanthakumar 1994; Montgomery et al.
1999).

In the experiments herein, the initial definition of the mouse
gut model involved measuring levels of mucosal fucosylation
of the pre- and post-weaning small and large intestine, and de-
fining which of the fucosyltransferase genes was responsible
for any differences. All changes were compared with the
changes in SI expression, a standard marker of maturation of
developing intestine. As expected, glucocorticoids accelerated
the maturation of gut, accompanied by precocious expression
of both SI and fucosyltransferase activity. Of fucosyltransferase
genes 1, 2, 4, and 7, only the gene responsible for fucosyltrans-
ferase Il expression (fur2) was specifically induced by gluco-
corticoids (Figure 2). This accelerated expression by
glucocorticoids could only occur in gut prior to weaning, con-
sistent with glucocorticoids being mediators of specific matur-
ational events in immature gut. In the mature post-weaning gut,
the glucocorticoid had no further effect, as the milestones of
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maturation had already been achieved in the course of normal
development (Figure 3).

Likewise, in the germ-free animal, SI is only influenced by
glucocorticoids before weaning (Figure 3); glucocorticoids
after day 22 have no further effect. However, in the germ-free
animal, fucosylation is not induced upon weaning, and the im-
mature state of fucosyltransferase gene expression is maintained
despite any surge of glucocorticoids at weaning. This is consist-
ent with the lack of effect by exogenous glucocorticoids on
fucosyltranferase expression observed in the conventionally
colonized mouse after day 28 (Figure 3). These findings
suggest a distinct type of developmental control of fucosyl-
transferase, and the difference between the germ-free and con-
ventionally colonized mouse points to bacterial colonization as
a prime candidate.

In the absence of a microbiota, the germ-free mouse gut
retains its pre-weaning state of high sialyltransferase and low
fucosyltransferase; with the introduction of the adult micro-
biota, the gut glycosylation rapidly shifts to high fucosyltrans-
ferase. This mimics the change at weaning for a normal
conventionally colonized control. This is consistent with the
primary control for the qualitative shift in gut glycosylation
being signaling by the microbiota. Consistent with this explan-
ation is that the adult microbiota, but not the distinctly different
microbiota of the pre-weaning mouse, has the ability to induce
fucosyltransferase activity in mature gut (Figure 4). Moreover,
the colonization of germ-free mature gut with only one of the
major mutualist symbionts of adult gut, B. fragilis, is sufficient
to induce the adult pattern of fusosyltransferase expression
resulting in the typical highly fucosylated mucosal surface
(Figure 7). Moreover, the B. fragilis mutant unable to utilize
fucose is unable to restore this fucosylation. Consistent with
these data, SI is expressed only in the small intestine, the site of
terminal carbohydrate digestion and absorption, whereas fuco-
syltransferase is expressed most heavily in the distal alimentary
tract, the site of heaviest bacterial colonization. The develop-
mental induction of fuz2 mRNA expression is accompanied by
the induction of 02,3-sialyltransferase and 1,4 galactosyltrans-
ferase mRNA expression, but these are induced to a lesser
extent and may represent the adaptation toward synthesizing
the glycan scaffolds on the surface of the intestinal mucosa to
which the fucose must be attached. In contrast to the 2,3 sia-
lyltransferase, 02,6 sialyltransferase mRNA expression dis-
played a robust reciprocal decrease, consistent with the reduced
sialylated phenotype in colonized mature intestinal mucosa.

Fucosylation of the intestinal mucosa is stimulated by the
colonization of adult colon by adult microbiota. Mice that lack
colonization, either by lack of inoculation by microbiota (germ-
free mice) or by oral antibiotic treatment, lack the fucosylated
mucosal phenotype. However, the colonization of germ-free
mice and the recolonization of bacteria-depleted mice results in
the expression of fucosylated glycans on the surface of the in-
testinal mucosa. This induction of fucosylation depends upon
the activation of the ERK and JNK signal transduction path-
ways, which result in specific transcription of fit2 mRNA, in-
duction of fucosyltransferase activity, and the fucosylation of
mucosal glycoconjugates (Meng et al. 2007). Inhibition of
ERK and JNK activation in mucosa during colonization (germ-
free) or recolonization (bacteria-depleted) prevents fut2 mRNA
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induction and subsequent mucosal fucosylation. This suggests
that constant communication between the microbiota and the
epithelium is necessary for sustained expression of fit2 mRNA
transcription in the adult intestinal mucosa. Futl, fut4 and fut7
did not display any such relationship with the microbiota, con-
sistent with a highly specific relationship between the micro-
biota and fiz2. Therefore, colonization by adult microbiota may
be the primary regulator of mucosal fucosylation in the intes-
tinal mucosa and, in turn, fucosylation of the mucosa may
provide the niche for maintaining the stable microbial ecosys-
tem in the adult gut. The interdependence of fucosyltransferase
expression and the microbiota is consistent with the complex
interkingdom communication typical of mutualist symbionts.

Mutualism includes both reciprocal communication and re-
ciprocal benefit to both the microbiota and the host. Specific
features of mutualism include the prokaryote microbe-inducing
production of molecules in the eukaryote host thereby produ-
cing a niche that facilitates one side of the specific mutualistic
relationship. The other side of the relationship is the benefit to
the eukaryotic host. Experiments were designed to investigate
the possibility that proper colonization would protect the host
intestinal epithelium from damage or facilitate recovery from
injury. Chemical irritants were used to cause mucosal injury
under conditions that included or excluded the mutualist symbi-
otic relationship, and the consequence of colonization was mea-
sured. Normally colonized mice fully recover from the colitis
caused by DSS or other chemical irritants (TNBS and OXA).
In mice whose microbiome was greatly reduced, 40% did not
recover and died. However, if the microbiota was replaced
before treatment, recovery was complete (Figure 7C). It is note-
worthy that fut2 expression was restored even when the mice
were recolonized with only one major bacterium of the normal
adult microbiota (B. fragilis, Figure 7A and B), and this recol-
onization also supported recovery from mucosal injury.
Recolonization with a mutant B. fragilis unable to utilize
fucose did not induce fut2 expression (Figure 7B), and was
unable to support recovery from mucosal injury (Figure 7C).
This suggests that bacteria-induced fucosylation is essential to
cause a change in the internal state of the intestinal epithelial
cell, rather than the microbiota per se, that is necessary for this
recovery. The treatment with B. fragilis induced the same fuco-
sylation through induction of fut2 expression as recolonization
with the entire microbiota. This implies that some microbes of
the microbiota, especially predominant species like B. fragilis,
might be the critical triggers of fucosylation during recoloniza-
tion. Preliminary data indicate that monocolonization by any of
several Gram-negative components of the adult microbiota can
induce fucosylation, suggesting that fu¢2 induction may be a re-
sponse of uncolonized mature gut to Gram-negative prototypic
molecules. The definition of the specific trigger and its ligand is
ongoing and beyond the scope of this report.

These results strongly suggest that fucosylation is dependent
on colonization and that proper fucosylation of the intestinal
mucosa is required to maintain tissue homeostasis and recovery
from inflammatory chronic injury. This conclusion is also con-
sistent with previous observations in genetically reconstructed
mice. FX mutant mice (FX /") are unable to generate fucosy-
lated glycans. They are born normal but shortly after weaning
they die from colitis and diarrhea (Smith et al. 2002). Onset of



colitis in FX '~ mice can be prevented by maintaining them in
germ-free conditions or by feeding them fucose. In light of the
DSS data, the fucose can be seen as stimulating the coloniza-
tion of their gut with fucose-dependent mutualists that can then
protect the fucose-deficient mutant mice. Taken together, these
data indicate a central and essential role of intestinal fucosyla-
tion induced by the gut microbiota for maintaining homeostasis
in the host as well as mediating the mutualistic relationship
between the adult gut microbiome and the adult gut.

Human populations contain a high frequency of a mutation
in the FUT2 gene that renders the gene product inactive. In
most populations of European, Asian and African descent,
~20% are homozygous recessive for the FUT2 allele and are
known as non-secretors, because their exocrine secretions
(milk, mucus, saliva etc.) lack the al,2-fucosylated epitope;
their intestinal mucosa also lacks this moiety. Thus, these indi-
viduals cannot respond to intestinal colonization with an induc-
tion of the gut a.1,2-fucosylated phenotype. The colonization of
non-secretors differs from that of secretors (data not shown),
and non-secretors are predisposed to inflammatory bowel dis-
eases such as necrotizing enterocolitis (Morrow et al. 2011) and
Crohn’s disease (McGovern et al. 2010). Thus, the data from
our DSS colitis model, in conjunction with these clinical data,
suggest that bacterially induced fucosylation can be of funda-
mental importance to human health. Conversely, polymorph-
isms in FUT2 that result in low levels of fucosylation of
secretions and intestinal mucosa are associated with dysbiosis
of the gut microbiota (unpublished data). In clinical studies,
dysbiosis of the human microbiota is implicated in various
severe inflammatory conditions, such as necrotizing enterocoli-
tis (Morrow et al. 2011), Crohn’s disease (McGovern et al.
2010) and type 1 diabetes (Smyth et al. 2011; Morrow et al.
2013).

The negative consequences of the non-secretor phenotype
raise the question of why this trait persists in the population.
This can be considered a subset of why there is so much diver-
sity in the human glycome. Many pathogens bind to specific
glycoconjugate receptors. Humans are social beings. Hence, if
an emerging human pathogen arises with high lethality, human
populations would be at risk of extinction unless a portion of
the population did not express the specific receptor for the
lethal pathogen and hence could escape infection and ensure
their survival. This could account for the extreme diversity of
cell surface glycan expression in humans, and the survival of
traits that otherwise have negative consequences.

The intestinal mucosa is predominantly sialylated before
weaning and fucosylated after weaning. The ability of adult,
but not suckling microbiota to stimulate fucosylation provides
the basis for hypothesizing two distinct phases of mutualism.
The adult fucose-centered mutualism is described above. It is
interesting to speculate that the predominance of sialylation
from birth to weaning might be supporting colonization by pio-
neering sialic acid-dependent species of our microbiota.

The maturation of the intestine, its colonization and its adap-
tation to various diets is increasingly recognized as being
central to human health and wellbeing. Conversely, intestinal
dysbiosis contributes to a variety of human diseases and chronic
conditions in both infants and adults. Advances in metagenomic
analysis now allow characterization of microbiome in normal
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and disease states, and distinct differences have been reported.
The dearth of information on the major factors that direct early
gut colonization by the microbiome, which include genetic
variation of the host, and intrinsic and extrinsic signaling, have
been limiting intervention strategies. Deeper knowledge of the
interdependence and integration of factors that contribute to ini-
tiation and succession of a healthy microbiome and how dys-
biosis leads to immunologic and other pathologies provides an
attractive target for new rational therapies for diseases that are
currently intractable.

Materials and methods

Reagents
Phenyl-B-p-galactoside, bovine serum albumin (BSA), 2-
mercaptoethanol, dextran sulfate sodium (DSS), 2.4,6-

trinitrobenzene sulfonic acid (TNBS), oxazalone (OXA) and
ultra-pure sucrose glucose assay kits were purchased from
Sigma Chemical Co. (St Louis, MO). 10 mM GDP-['C]
fucose was purchased from New England Nuclear Life
Sciences (Boston, MA). Tagman reverse transcription kits and
enzymes were purchased from Applied Biosystems (InVitrogen™,
San Diego, CA). Biotinylated and fluorescein-conjugated Ulex
europaeus agglutinin-1 (UEA-I) were from E-Y Laboratories
(San Mateo, CA). Cortisone acetate (CA) was from Merck, Sharp
& Dohme (West Point, PA). All other reagents were of analytical
or molecular biology grade from Fisher Scientific (Fairlawn, NJ)
or Sigma Chemical Co. Strains of Bacteroides fragilis were a gift
from Dr. Laurie Comstock, Channing Lab, Brigham, and
Women’s Hospital, Boston, MA.

Animal studies

Developmental studies. Black Swiss mice were purchased from
Taconic Farms (Germantown, NY) and C57/B6 mice from
Jackson Labs (Bar Harbor, ME). Pups were from timed-
pregnant mice, and the date of birth was designated day 0. Pups
were housed with their dams through 21 post-natal days. Mice
were fed mouse chow and water ad libitum and maintained
under a 12-h light/dark cycle. Pups were treated with gluco-
corticoids on day 10 by subcutaneous injection of a single dose
(5 mg/100 g body weight) of CA suspended in saline. Vehicle
control pups were injected with the same volume of saline
(0.9% NaCl) at the same time and maintained with their dam
until sacrificed. All procedures relating to animals and their
care conformed to the international guidelines “Principles of
Laboratory Animals Care” and according to the approved
animal protocol.

Mouse models. Germ-free mice were maintained in a germ-free
environment until immediately before euthanasia at 6 weeks of
age. Ex-germ-free mice were produced by removing germ-free
mice from their germ-free environment at the ages of 4 or 6
weeks, inoculating them with a slurry of fresh fecal and cecal
contents from age-matched conventional control mice (contents
of one conventional mouse for inoculation of five germ-free
mice) directly through both orogastric intubation and addition
to their drinking water and keeping them in the same cage as
conventional mice. The ex-germ-free mice were euthanized 2
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weeks later along with the age-matched germ-free and
conventional mice. All animals were euthanized between 12 p.
m. and 3 p.m. to avoid circadian influences.

Three groups of 4-week-old mice were treated as follows.
Bacteria-depleted and bacteria-repleted groups were fed an anti-
biotic cocktail in their drinking water for 2 weeks, whereas the
conventional control group received untreated water. After 2
weeks, the bacteria-repleted group received cecal/colonic bac-
teria from age-matched conventionally reared mice in their
drinking water, as described previously (Meng et al. 2007). At
the designated age, mice were sacrificed and their colons were
harvested for analysis.

Adult mice were depleted of luminal bacteria by consuming
the antibiotic cocktail (100 uL antibiotic cocktail/mouse/day)
added to their drinking water for 2 weeks, then commensal bac-
teria were introduced for 2 weeks whereupon the mice were
euthanized and the fucosyltransferase activity and fuz2 mRNA
levels of each colon were measured. The antibiotic cocktail
consists of kanamycin (8 mg/mL), gentamicin (0.7 mg/mL),
colistin (34,000 U/mL), metronidazole (4.3 mg/mL) and
vancomycin (0.9 mg/mL). After the antibiotic cocktail was
introduced, fresh fecal samples were collected from mice every
day and assayed for the presence of bacteria in five different
culture media, including both aerobic and anaerobic conditions,
as described previously (Meng et al. 2007).

DSS treatment. Mice (6 weeks of age) received 3.5% (wt/vol)
DSS (40,000 kDa; ICN Biochemicals Aurora, OH), ad libitum,
in their drinking water for 5 days, then switched to regular
drinking water. The amount of DSS water consumed per animal
per diem was recorded and no differences in intake between
strains were observed. Control mice received water only. For
survival studies, mice were followed for 12 days post-DSS
treatment. Mice were weighed every other day to determine
changes in body weight, calculated as: % weight change=
[(weight at day x — day 0/weight at day 0) X 100]. Animals were
monitored clinically for rectal bleeding, diarrhea, and general
signs of morbidity, including hunched posture and failure to
groom. An essentially similar model was developed for 2.5%
TNBS and OXA-induced colitis (Wirtz et al. 2007) to
determine if phenomena observed with the DSS model were
general to recovery from mucosal injury per se, irrespective of
the cause. These three models gave essentially identical results,
so we show the data from the most commonly used model,
recovery from injury induced by DSS.

Enzyme assays

The entire small intestine and colon was removed and thor-
oughly flushed with ice-cold 0.9% NaCl. The small intestine
from the stomach to the ligament of Treitz was defined as duo-
denum, and the proximal and distal halves of the remaining
small intestine were defined as jejunum and ileum, respectively.
Fucosyltransferase and sucrase enzyme activities were measured
in samples of intestinal mucosa as described (Nanthakumar and
Henning 1993; Nanthakumar et al. 2003).

Preparation of crude microvillus membrane preparation.
A 10% mucosal homogenate was prepared from each segment
of the intestine in 0.1 M Tris—HCl buffer (pH 7.4) and centrifuged
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at 1000 x g for 15 min to remove nuclei and cellular debris.
The supernatant was then centrifuged at 105,000 x g for 1 h,
resulting in a membrane fraction and soluble cell fluid. The
resulting pellets were resuspended in homogenization buffer
(0.1 M Tris—HCIL, pH 7.4), frozen as aliquots at —80°C, and
used for the fucosyltransferase assay.

Fucosyltransferase activity. al,2/3-Fucosyltransferase enzyme
activity was assessed using phenyl-B-p-galactoside as the
acceptor (Nanthakumar et al. 2003). The reaction mixture for
each assay contained, in a total volume of 0.1 mL, 25 mM
phenyl-B-p-galactoside, 20 mM sodium phosphate buffer
(pH 6.1), 10 mM fucose, 5 mM ATP, 20 mM MgCl,, 50 mM
NaCl, 0.5% Triton X-100, 10 nmol GDP-["*C]fucose (0.1 pCi,
spec. act. = 11 mCi/mmol; New England Nuclear) and homogenate
containing 50-100 ug protein. GDP-fucose concentration was
at saturation, and product formation was linear for 2 h of
incubation for up to 100 pg of enzyme protein at 37°C. After 2

h, the reaction was terminated by addition of 100 uL of ethanol
and dilution with 1 mL of 4°C H,O followed by centrifugation
at 15,000 x g for 5 min. The supernatant was applied to C-18
Bond Elute cartridges (500 mg) that had previously been
washed with 6 mL of acetonitrile followed by 6 mL water.
After application of the sample, the cartridges were washed with
5 mL of water to remove the radiolabeled precursor. The product,
[14C]fucosylphenyl-B-p-galactoside, was eluted with 1.5 mL of
50% acetonitrile directly into scintillation vials. Five milliliters of
scintillation cocktail (Ready Safe, Beckman, Fullerton, CA) was
added to each vial, and radioactivity determined by scintillation
counting of the clear solution. The specific activity is expressed
as nmol ["*C] fucose incorporated/h/mg protein.

Sucrase activity. Frozen duodenum, jejunum, and ileum, whose
lumen had been rinsed with sterile cold phosphate-buffered
saline (PBS), were homogenized in 9 volumes of 0.154 M KCl
and assayed in duplicate using sucrose as the substrate
(Nanthakumar and Henning 1993). The glucose liberated by
the enzyme reaction was quantified by a glucose-oxidase
reaction kit (Sigma Chemical Co.). Protein concentration was
determined by the BCA™ protein assay kit (Pierce, Rockford, IL)
using a standard curve generated by BSA. Sucrase activity is
expressed as umole glucose hydrolyzed/h/mg protein.

mRNA analysis

Total RNA was extracted from frozen tissues by homogeniza-
tion in TRIZOL® reagent, and cDNA was synthesized using
TagMan Reverse Transcriptase (Applied Biosystems, Foster
City, CA) and random hexamers. Real-time quantitative poly-
merase chain reaction (PCR) was performed using SYBR green
Master mix. Fucosyltranferase-1 (futl), fucosyltranferase-2
(fut2), fucosyltranferase-4 (fut4), fucosyltranferase-7 (fut7), SI
and glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
mRNA were measured by quantitative reverse transcription-PCR
(Nanthakumar et al. 2005). To calculate the fold increase or de-
crease of mRNA, the Cr of the target gene minus the Cr of the
housekeeping gene (GAPDH) yields the corrected Cr. Change in
the expression of the normalized target gene as a result of an ex-
perimental manipulation was expressed as 2~ ¢™ where Cr. = Cr



samples — Ct controls. PCRs lacking cDNA, primers or reverse
transcriptase were run as baseline controls.

UEA-I fluorescent staining

Tissue sections of 7 um were used for UEA-I staining (E-Y
Laboratories) to visualize o.1,2-fucosylated glycoconjugates in fixed
frozen tissue sections (Bry et al. 1996; Nanthakumar et al. 2003).
One centimeter of tissue from each region of the intestine was fixed
in 4% paraformaldehyde for 30 min and stored in ice-cold PBS con-
taining 30% sucrose. The tissue block was embedded in optimal
cutting temperature and sliced in a cryostat at —20°C. Frozen sec-
tions were blocked with PBS containing 2% BSA for 1 h, stained
with 10 pg/mL Texas Red-UEA-I for 1 h, washed, mounted using
Anti-Fade (Vector Laboratories, Burlingame, CA) and analyzed by
fluorescent and/or confocal microscopy. Controls to ascertain
fucose-specific binding under these conditions were identical sec-
tions in which 100 mM L-fucose was added at the same time as the
Texas Red-UEA-1, and these displayed no binding.

Statistics

Results are expressed as the mean+ SEM. Effects of age and
treatment on enzyme activities were analyzed by two-way ana-
lysis of variance, whereupon, if significant, post hoc tests for in-
dividual variables were performed by two-tailed unpaired #-tests.
Differences with a P—value of <0.05 were considered significant.

Funding

This work was supported by the National Institutes of Health
(HD059126 to NN, HD059140 to DSN, HD013021 to DSN,
AI075563 to DSN and HD061930 to DSN).

Acknowledgements

Dingwei Dai and Gherman Wiederschain generously assisted
with the fucosyltransferase assays at the Shriver Center for
Mental Retardation. We gratefully acknowledge Allan Walker
for his mentorship.

Conflict of interest

None declared.

Abbreviations

BSA, bovine serum albumin; CA, cortisone acetate; DSS,
dextran sulfate sodium; GAPDH, glyceraldehyde 3-phosphate
dehydrogenase; GF, germ-free; OXA, oxazalone; OCT, optimal
cutting temperature; PBS, phosphate-buffered saline; PCR,
polymerase chain reaction; qRT, quantitative reverse transcription;
SI, sucrase-isomaltase; TNBS, 2,4,6-trinitrobenzene sulfonic acid,
UEA-L, Ulex europaeus agglutinin-1 FucT, fucosyltransferase.

References

Biol MC, Martin A, Richard M, Louisot P. 1987. Developmental changes in in-
testinal glycosyl-transferase activities. Pediatr Res. 22:250-256.

Post-natal control of intestinal fuz2 expression

Bry L, Falk PG, Midtvedt T, Gordon JI. 1996. A model of host-microbial inter-
actions in an open mammalian ecosystem. Science. 273:1380-1383.

Convey EM. 1974. Serum hormone concentration in ruminants during
mammary growth. J Dairy Sci. 57:905-917.

Cunha GR, Hom YK. 1996. Role of mesenchymal-epithelial interaction in
mammary gland development. J Mammary Cell Biol Neoplasia. 1:21-35.
Dai D, Nanthakumar NN, Savidge TC, Newburg DS, Walker WA. 2002.
Region-specific ontogeny of alpha-2,6-sialyltransferase during normal and
cortisone-induced maturation in mouse intestine. Am J Physiol Gastrointest

Liver Physiol. 282:G480-G490.

Dai D, Nanthkumar NN, Newburg DS, Walker WA. 2000. Role of oligosacchar-
ides and glycoconjugates in intestinal host defense. J Pediatr Gastroenterol
Nutr. 30:S23-S33.

Farrell PM. 1977. Fetal lung development and the influence of glucocorticoids
on pulmonary surfactant. J Steroid Biochem. 8:463-470.

Henning SJ. 1987. Functional development of the gastrointestinal tract. In:
Johnson LR, editor. Physiology of the Gastrointestinal Tract. New York:
Raven Press. p. 285-300.

Henning SJ, Nanthakumar NN. 1994. Development of intestinal disaccharides:
A plurality of mechanisms. In: Lenze MJ, Naim HY, Grand RJ, editors.
Mammalian Brush Border Membrane Proteins. Stuttgart: Georg Thieme
Verlag. p. 243-249.

Martin GR, Henning SJ. 1984. Enzymatic development of the small intestine:
Are glucocorticoids necessary? Am J Physiol. 246:G695-G699.

McGovern DP, Jones MR, Taylor KD, Marciante K, Yan X, Dubinsky M,
Ippoliti A, Vasiliauskas E, Berel D, Derkowski C, et al. 2010.
Fucosyltransferase 2 (FUT2) non-secretor status is associated with Crohn’s
disease. Hum Mol Genet. 19:3468-3476.

Meng D, Newburg DS, Young C, Baker A, Tonkonogy SL, Sartor RB, Walker
WA, Nanthakumar NN. 2007. Bacterial symbionts induce a fut2-dependent
fucosylated niche on colonic epithelium via ERK and JNK signaling. Am J
Physiol Gastrointest Liver Physiol. 4:780-787.

Montgomery RK, Mulberg AE, Grand RJ. 1999. Development of the human
gastrointestinal tract: Twenty years of progress. Gastroenterology. 116:702-731.

Morrow AL, Lagomarcino AJ, Schibler KR, Taft DH, Yu ZT, Wang B, Altaye
M, Wagner M, Gevers D, Ward DV, et al. 2013. Early microbial and metabo-
lomic signatures predict later onset of necrotizing enterocolitis in preterm
infants. Microbiome. 1:13.

Morrow AL, Meinzen-Derr J, Huang P, Schibler KR, Cahill T, Keddache M,
Kallapur SG, Newburg DS, Tabangin M, Warner BB, et al. 2011.
Fucosyltransferase 2 non-secretor and low secretor status predicts severe out-
comes in premature infants. J Pediatr. 158:745-751.

Nanthakumar NN. 2001. Regulation of functional development of the small in-
testine. In: Delvin E, Lentze MIJ, editors. Gastrointestinal Functions.
Philadelphia: Vevey/Lippincott Williams & Wilkins. p. 39-58.

Nanthakumar NN, Dai D, Meng D, Chaudry N, Newburg DS, Walker WA.
2005. Regulation of intestinal ontogeny: Effect of glucocorticoids and
luminal microbes on galactosyltransferase and trehalase induction in mice.
Glycobiology. 15:221-232.

Nanthakumar NN, Dai D, Newburg DS, Walker WA. 2003. The role of indigen-
ous microflora in the development of murine intestinal fucosyl- and sialyl-
transferases. FASEB J. 17:44-46.

Nanthakumar NN, Henning SJ. 1993. Ontogeny of sucrase-isomaltase gene ex-
pression in rat intestine: Responsiveness to glucocorticoids. Am J Physiol.
264:G306-G311.

Rock GAW. 1999. Glucocorticoids and immune function: Best practices and re-
search. J Clin Endocrinol Metab. 13:567-581.

Simo P, Simon-Assmann P, Arnold C, Kedinger M. 1992. Mesenchyme-
mediated effect of dexamethasone on laminin in cocultures of embryonic
gut epithelial cells and mesenchyme-derived cells. J Cell Sci. 101(Pt 1):
161-171.

Smith PL, Myers JT, Rogers CE, Zhou L, Petryniak B, Becker DJ, Homeister
JW, Lowe JB. 2002. Conditional control of selectin ligand expression and
global fucosylation events in mice with a targeted mutation at the FX locus.
J Cell Biol. 158:801-815.

Smyth DJ, Cooper JD, Howson JM, Clarke P, K, D, Mistry T, Stevens H,
Walker NM, Todd JA. 2011. FUT2 nonsecretor status links type 1 diabetes
susceptibility and resistance to infection. Diabetes. 60:3081-3084.

Wirtz S, Neufret C, Weigmann B, Neurath MF. 2007. Chemically induced
mouse models of intestinal inflammation. Nat Protoc. 2:541-546.

1141




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG2000
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 20
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG2000
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 20
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages true
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 175
  /MonoImageDepth 4
  /MonoImageDownsampleThreshold 1.50286
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


