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Table S1. Bacterial strain found in pancreatic cancer in previous literature
	Bacterial strain
	Percentage read (Geller et al., 2017)(1)
	Relative abundance (LTS/STS)(Riquelme et al., 2019)(2)
	Aerobic or anaerobe
	Motility

	Pseudomonas putida
	11.8%
	-
	Aerobic
	Motile

	Citrobacter freundii
	8.9%
	-
	Aerobic
	Motile

	Klebsiella pneumoniae
	8.9%
	-
	Facultative anaerobe
	Typically im-motile*

	Enterococcus faecalis
	3.5%
	-
	Facultative anaerobe
	Im-motile

	Bacillus clausii
	-
	1.8%/0%
	Aerobic
	Motile

	Saccharopolyspora rectivirgula
	-
	1.9%/0.26%
	Aerobic
	Missing

	Staphylococcus cohnii
	-
	1.3%/0.07%
	Aerobic
	Non-motile

	Pseudoxanthomonas taiwanensis
	-
	0.94%/0.0048%
	Aerobic
	

	Weissella paramesenteroides
	-
	0.77%/0.0024%
	
	Motile

	Acinetobacter bouveti
	-
	1.6%/0%
	Aerobic
	Motile

	Erwinia mallotivora
	-
	4.5%/0.0024%
	Aerobic (facultative aerobe)
	Motile

	Dietzia alimentaria
	
	3.8%/6.7%
	Aerobic
	Non-motile*2


Strains in Riquelme et al. (2019) are in a descending order in Mann-Whitney Test. * 1: Evidence for motile strain were showen (3). *2: chosen as it was highly abundant strain in both LTS and STS.


Table S2. Full parameter list used for the modeling
	Symbol
	Definition
	Value
	literature

	a
	Oxygen concentration
	Eqn. (20)
	

	ad
	Oxygen concentration in duodenum fluid
	0.083 mmol l–1
	(4)

	b
	Bacterial concentration 
	Eqn. (1)
	

	bd
	Bacterial concentration in duodenum fluid
	104 CFU ml–1
	(5)

	db
	Diameter of common bile duct
	4.1 mm
	(6)

	dp
	Diameter of pancreatic duct
	3 mm
	(7)

	dw
	Thickness of duodenal wall
	1.6 mm
	(8)

	wp
	Thickness of pancreatic duct wall
	0.47 mm
	(9)

	wb
	Thickness of common bile duct wall
	0.46 mm
	(9)

	D0H+
	Diffusion coefficient of hydrogen ion in water
	9.3 x 10–9 m2 s–1
	(10)

	
 
	Diffusion coefficient of oxygen in water at 37°C
	3.2 x 10–10 m2 s–1
	(11)

	Dwall
	Diffusion coefficient of oxygen in small intestinal wall
	0.1 mm2 s–1
	(12)

	k+
	Rate constant for reaction of bicarbonate and hydrogen ion to carbon dioxide 
	Eqn. (12)
	

	k-
	Rate constant for reaction of carbon dioxide to bicarbonate and hydrogen ion 
	3.71 x 10–2 s–1
	(13)

	K*
	Dissociation constant of carbon dioxide,  bicarbonate and hydrogen ion
	10–6.1 mol l–1
	

	Kd
	Chemoreceptor coefficient for bacterial aerotaxis
	13.9 μmol l–1
	(14)

	Pb
	Permeability of hepato-pancreatic duct of bacteria
	4.1 x 10–7 m s–1
	See text

	PO2
	permeability of oxygen
	2.8 x 10–6 m s–1
	See text

	

	Bile flow rate of healthy individuals
	620 ml day–1 (0.4 ml min–1)
	(15)

	

	Pancreatic juice flow rate of human during fasting period
	0.2 ml min–1
	(16)

	

	Bile flow rate of pancreatic cancer patients*
	0.15 ml min–1 (211 ml day–1)*
	(17)

	

	Pancreatic juice flow rate of pancreatic cancer patients
	0.05 ml min–1
	(18)

	

	pH-tactic velocity
	Eqn. (9)
	

	
 
	Fluid velocity in hepato-pancreatic duct
	Eqn. (24)
	

	

	Maximum fluid velocity in hepato-pancreatic duct
	Eqn. (25)
	

	

	Viscosity of pancreatic juice
	1.4 mPa·s
	(19)

	

	Viscosity of bile duct
	0.94 mPa·s
	(20)

	
 
	Viscosity of water at 37°C
	0.691 mPa·s
	(21)

	

	Random motility coefficient of bacteria in water
	1 x 10–9 m2 s–1
	

	
 
	Tortuosity of pancreatic tissues
	1.4
	

	
 
	Porosity of pancreatic tissues
	0.26
	

	

	Chemotactic sensitivity coefficient for bacterial aerotaxis
	5.79 x10–8 m2 s–1
	(14)

	

	Chemotactic sensitivity coefficient for bacterial pH-taxis less than optimal pH
	5.83 x10–8 m2 s–1
	(22)

	[H]
	Hydrogen ion concentration
	Eqn. (19)
	

	[HCO3–]
	Bicarbonate concentration
	Eqn. (20)
	

	[HCO3–]0
	Bicarbonate concentration in pancreatic juice of fasted pancreas
	80 mmol l–1
	(23)

	[CO2]
	Carbon dioxide concentration
	Eqn. (21)
	

	[CO2]0
	Carbon dioxide concentration in pancreatic juice
	1.6 mmol/l
	(23)





[image: bacteria_healthy]
Figure S1. Migration of aerobic bacteria into healthy pancreas is driven by pH-taxis and aerotaxis away from carbon dioxide, under the pH- and CO2-gradients at the junction of duodenum and pancreatic duct.*shaded area is not simulated in order to solve diffusion-convection equation with finest mesh selection. 


[image: phenolphthalein pH]
Figure S2. The pH in a microfluidic channel was visualized in phenolphthalein solution. The pH increased from top at 4–5, at middle in colorless at pH 5–7, to the bottom at alkaline in pink. Hydrochloride solution at pH 3 and sodium bicarbonate at 80 mmol/l were poured from top and bottom inlets, respectively.


[image: 0817_co2_channel]
Figure S3. Simulated carbon dioxide concentration in a microfluidic channel is higher in the upper channel, due to a neutralization of hydrogen ion by bicarbonate.


[image: bicarbonate_air_5%co2]
Figure S4. Sodium bicarbonate in in equilibrium to air (a) and 5% carbon dioxide (b), visualized in phenolphthalein solution. Under the carbon dioxide level at pancreas, pH of bicarbonate at 80 mmol/l drops at neutral or slightly alkaline.


[image: upstream_pseudomonas]
Figure S5. Measured migration of P. fluorescens against flow of bicarbonate, in equilibrium to 5% carbon dioxide, at 52 μm/s maximum fluid velocity, from hydrochloride at pH 5–6 (a) and bicarbonate solution (b). P. fluorescens in acid solution penetrated against flow approximately 60 μm/s due to pH-taxis (a), though P. fluorescens did not migrate against flow from the bicarbonate solution due to motility alone (b). 

[image: bactreia in cyliner_]
Figure S6. Simulated migration of aerobic bacteria from duodenum to pancreas with flow rate of 20 μl/min, the same as experiment in T-shaped cylinder. a: migration from acid pH under bicarbonate flow, b: migration from neutral pH.


[image: cancer_0829_magnification]
Figure S7. Simulated bacterial concentration in pancreas with tumor. Extended version of figure 7a.


[image: C:\Users\Hiroaki\AppData\Local\Microsoft\Windows\INetCache\Content.Word\oxygen_0823.bmp]
Figure S8. Simulated oxygen concentration in duodenum fluid is higher due to oxygen availability from air but low in pancreas with tumor due to hypoxia. 


[image: 0823_aerotaxis]
Figure S9. Bacterial migration into pancreas with tumor with aerotaxis to higher oxygen (blue) or without that (green). Aerotaxis of aerobic bacteria attracts them to higher oxygen at duodenum.



 

[image: factor_shape]
Figure S10. Heterogeneous radius of cone-shaped hepato-pancreatic duct affects bacterial migration to pancreas. Maximum fluid velocity in the duct near duodenum is faster (blue), due to smaller ductal radius is smaller (gray). The bacterial pH-tactic velocity here is also faster (red), due to a larger pH-gradient (green).  


[image: migration_route]Figure S11. Heterogeneity of microenvironment at the T-junction of duodenum and pancreatic ducts affect migration.


[image: pH-taxis]
Figure S12. Motility contribution of Serratia marcescens in steady state in the data of Zhuang and wo-workers (2015) correlated reasonably well to pH-tactic contribution. pH-tactic contribution is calculated in Eqn. (5). Blue triangles indicate data of pH < 7.2 and orange squares indicate pH > 7.2.
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Figure S13
Figure S13. Configuration of a microfluidic device that can generate a steady pH gradient, used for analysis of bacterial pH-taxis.


[image: pH-channel]
Figure S14. Simulated pH distribution in a microfluidic channel. 



[image: pdms_fabrication_T-shaped]
Figure S15. Fabrication process of a T-shaped microfluidic device.


[image: C:\Users\Shirai\AppData\Local\Microsoft\Windows\INetCache\Content.Word\0614_movie.bmp]
Figure S16. A process of converting a movie into a matrix of bacterial penetration over time.
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Heterogeneity of radius of hepato-pancreatic duct affects migration
This model assumed a cylinder with a radius of 2.6 mm for simplicity, which is equal to sum of the diameter of the bile duct and pancreatic duct. The hepato-pancreatic duct is cone-shaped, with a small orifice in the duodenum with a one-millimeter diameter (40). Thus the fluid velocity at the orifice of the sphincter of Oddi (major papilla) should be faster (figure S10 blue). Notably, the simulated pH-tactic velocity (eqn. 7) is also faster at the junction of the duodenum and duct (figures S10 red) as pH increases dramatically here due to both flow and neutralization of gastric acid by bicarbonate (figure 4). Thus this faster pH-tactic velocity at the orifice of the duct contribute to migration greatly, which possibly wins the fluid velocity near the wall of the duct (figure S10 blue and red).

Heterogeneity of microenvironment at the T-junction affects migration route
The migration of aerobic bacteria at the T-junction of the duodenum and the pancreatic duct seems to be affected by heterogeneous fluid flow and pH (figure S11). For example, gastric acid secreted in the stomach sent to duodenum is neutralized there by bicarbonate in pancreatic juice from the pancreas. Thus the pH at the upper wall of the duct (near the stomach) is lower than the bottom wall (figure S11). Therefore pH-tactic driven migration at the upper wall of the pancreatic duct seems easier. Moreover, duodenum fluid flows from the pylorus (between stomach and duodenum) to the lower gastrointestinal (GI) tract, while pancreatic juice and bile flow are from the pancreas to the lower GI tract. Thus this route with lower hydrostatic pressure seems more likely (figure S11 gray). 
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Simplified mathematical models of bacterial transport in one-dimension 



1. Motility



 [m2 s–1]: Random motility coefficient
b [CFU/ml]: bacterial concentration in hepato-pancreatic duct

2. Aerotaxis (Keller-Segel model)

 [m2 s–1] is chemotactic sensitivity coefficient of bacterial aerotaxis ; a [mol/l]: oxygen concentration; Kda [mol/l]: dissociation constant; 

3. pH-taxis
h [mol/l]: hydrogen ion concentration; proportional to hydrogen ion concentration gradient;
This equation only includes pH-taxis from acid but not from alkaline as pH in duodenum is lower than neutral (i.e. pancreatic juice).



	 
Flow
vh [m/s]: fluid velocity in hepato-pancreatic duct
When Reynolds number is lower (<2000), fluid flow is laminar flow, where fluid velocity in the cylinder follows 


Maximum flow velocity in the cylinder, vmax [m s–1], is in:


Qh [m3/s]: fluid flow rate
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