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SUMMARY: (Instructions)
Zebrafish are a popular in vivo model organism. Relative to other model organisms, they are also considered inexpensive to house. However, even the cheapest commercial housing systems can be cost prohibitive for smaller laboratories, and therefore inaccessible. Herein we present a novel, easy to construct, and low-cost, inexpensive, and easy DIY recirculating zebrafish housing rack system protocol.tutorial 
ABSTRACT: (Instructions)
Zebrafish are a popular model organism for performing in vivo studies, partly due to being considered inexpensive to house and maintain. Yet, commercial housing systems are typically cost-prohibitive to smaller research groups. Multiple custom-builtdo-it-yourself (DIY) zebrafish housing systems exist, but have issues with inconsistent water conditions, poor water cycling rates, and fragile housing tanks. These design issues reduce the viability of these systems for long term research programs. In this article, we present our own custom-built do-it-yourself recirculating zebrafish housing rack that is novel, affordable, and easy to construct. This system, when paired with our previously published housing tank design, allows for the housing of zebrafish at any stage of development. There are multiple levels of filtration and sterilization, which establishes stable water conditions, allowing for the establishment of long-term usage of zebrafish for research and teaching. The system described below has been used by our laboratory to house zebrafish for nine years, representing multiple generations of housed fish and hundreds of experiments.

INTRODUCTION: (Instructions) 
Zebrafish are a common model organism used in biological research. They are tolerant to many environmental conditions and breed easily with high numbers of offspring.1 . They make a great model for a wide range of biological research, including human health, inflammation, genetics, and toxicology.1–7 . They also are also considered to be cheap and relatively easy to maintainoffer a cost-effective option with relatively low maintenance requirements. However, creating a zebrafish housing system can be intimidating, especially for those with less experience - many factors should be kept in mind, such as recirculation rates, water quality, and the challenges of housing zebrafish at multiple stages of their development.
Commercial zebrafish housing systems tend to be expensive and much too sophisticated for smaller labsare often expensive, which can pose a significant barrier for smaller laboratories or those with limited funding. These systems can be tens of thousands of dollars, with flashy additions such as automatic feeders and autocleaning, but these additions are unnecessary for budget conscious laboratories, as well as those hoping to utilize the zebrafish in a classroom setting. For these types of facilities, a do-it-yourself (DIYconstruct your own) zebrafish housing system is much more reasonable. There have been other articles published with custom constructionDIY plans, but each have their own disadvantages. Kim et al. demonstrated a method to createing an easy to construct, 80 tank systemmodule.8 . At the time of publication, it was around $500 to build, but in the present time, would be much more expensive. Paige et al. created a plan meant as an improvement to the previously mentioned method, but the cost to construct was $1500.9 . Additionally, maintenance of a 150 fish colony was estimated to be $1000 every 3 months.9.

In this article, we have established a method of constructing a recirculating zebrafish housing and filtration system, that when paired with our previously published housing tank design10, is significantly less expensive than commercially available systems. In addition, it is simple to construct with a few common tools. The system, when utilizing 30 individual tanks (~70% capacity), is also relatively quiet, producing roughly 60 dBA of sound, the equivalent of a normal conversation or a television11. With a couple of simple modifications, or by running it with fewer tanks, we believe the system could be used directly in a classroom setting without being a distraction to students. TThe overall design of the recirculating system is as follows: Water that has been heated and conditioned is pumped from a sump basin through a main water supply line that carries the water up through the center of the housing rack. Ball valves found off the main supply line provide water to a baffle that supplies water at adjustable flow rates to the individual tanks at each level. To prevent excess buildup of pressure within the main supply line, the system utilizes a pressure release line with adjustable ball valve to return excess water back to the sump. Water entering the tanks from the baffle recirculates the water within the tank, with “overflow” captured by a slightly angled trough that runs through the center of the housing rack at each level. Water from the trough then flows into a vertical return pipe which returns it to the sump basin where it is cleaned by a multistage canister filter and sterilized with a UV light. 

PROTOCOL: (Instructions)
The protocol described herein has been previously approved for use by the Institutional Animal Care and Use Committees at both Northern Michigan University and Shenandoah University.
NOTES: A saw will be required to cut the PVC piping for the water return portion of the system. We used a rotary tool, but other types of saws will be sufficient for most cuts besides those needed for the tank return pipes. To cut the clear vinyl tubing for the water supply lines, we used a utility knife. . To tighten hose clamps, a screwdriver is required. To attach the PVC tank returns to the PVC return holder, a drill with a 3/16” (0.47 cm) bit (slightly larger/smaller bits will also work) will be required. To avoid injury, care must be taken when using power tools.
Construction phases:
1. Assembling the housing rack
2. Support bracket for tank return system
3. Assembling water return system
3.1 Assembling the vertical return
3.2 Assembling the water return pipes
4. Assembling the sump basin
5. Assembling the main water supply line
6. Assembling the pressure release line
7. Assembling the tank water supply line
8. Preparing the system for operation
9. Routine Maintenance
10. Common Troubleshooting
11. Additional considerations
NOTE: The following protocol describes the production of a housing rack that will pair with our previously published tank design10. If an alternative tank will be used, alterations to the tank water supply, and water return instructions will need to be made to fit tank specifications.

1.A Assembling the housing rack (Figure 1A)
1.1 Assemble the support brackets. Each support bracket must be 21-1/41 ¼” (54 cm), 37” (94 cm), and 52- ¾”3/4” (134 cm) off the ground, with the fourth level being at 68-1/8” (173 cm) from the ground. Place each shelf onto the supports. These numbers represent the exact heights of the design presented here. If your system will utilize a different rack due to cost considerations or availability, you will need to adjust all other measurements accordingly. The same is true if you are using tanks other than those described in Lipscomb et al10.

2.S Support bracket for tank return system (Figure 1A)
2.1 Cut a ¾3/4” (1.9 cm) diameter PVC pipe to 5’ (152.4 cm). This will be the support for
 the tank return lines.
2.2 Slide the support onto the system. The support should be positionedPosition the support vertically running through the
 four layers of shelving. Place it It should be placed at the end of the rack (lengthwise) and in the middle
 (width). Insert a small (2”x 2”” / 5.08 cm x 5.08 cm) piece of Styrofoam (or anything that
 can endure moisture) under the return support to keep it from falling through the bottom
 shelf of the rack.
2.3 Holes will need to be drilled in the support, one hole directly through the support at
 each shelving level. The hole should be drilledDrill the holes at 7” (17.78 cm) inches above the surface of each shelf. A 10”
(25.4 cm) inch piece of wire or string will then be threaded through the hole. This piece will
 later be used to secure the PVC water return pipes.
 
3.A Assembling the water return system (Figure 1B, C, D)
The water return pipes receive water from the individual tanks and carry it to the vertical return pipe that transports water to the sump where it is filtered and ultimately recirculates back into the system.
3.1.Part 1: Assembling the vertical return (Figure 1B) 
The vertical return pipe guides water from
 the water return pipes to the sump basin. 
NOTE:ote - Figure 1 illustrates the assembly of only 
 two2 of the three3 layers of the return pipe.
3.1.1 Cut a 2” (5.08 cm) diameter PVC pipe into four pieces of the corresponding
 lengths: 4” (10.16 cm), 12-3/4” (32.39 cm), 11-1/2” (29.21 cm), and 3” (7.62 cm).
3.1.2 Take the 4” (10.16 cm) piece and mark a top and bottom side. Attach a PVC
 T joint to the bottom side (attach the T joint so that its 45° degree angle is facing down).
3.1.3 Connect the 12-3/4” (32.39 cm) PVC piece to the opposite end of the T joint
 from step 3.1.22.
3.1.4 Connect another PVC T joint as before to the available end of PVC from step
3.1.3. 3.
3.1.5 Connect the 11-1/2” (29.21 cm) piece of PVC to the opposite end of the T
 joint from step 3.1.4.
3.1.6 Connect another PVC T joint as before to the available end of the PVC from
 step 3.1.55.
3.1.7 Connect the 3” (7.62 cm) piece of PVC to the opposite end of the T joint from
 step 3.1.66.
3.1.8 Attach the 2” (5.08 cm) PVC cap onto the available end of the PVC from step
3.1.7. 2.
3.1.9 Attach the 2” (5.08 cm) PVC 45°  degree elbow to the end of the 3” (7.62 cm) piece of PVC pipe from step 3.1.87.
3.1.10 Use the fastening straps to fasten the vertical return to the stand. Install
the vertical return The vertical return should be installed in the center of the stand. Face the open end of each T joint
The open end of each T joint should be facing inwards towards the housing rack and located about 1-2” (2.5-5.08 cm) above the
 shelf directly below it. Place tThe bottom 45°  degree elbow should be located just above the sump so that
 water will drain directly into the basin upon completion.

3.2.A Assembling the water return pipes (Figure 1C, D). 
The PVC pipes transport water from the housing tanks back into the vertical return from part 3.1.
3.2.1 Cut the 1-1/2” (3.81 cm) PVC pipe into three pieces of 4’ (121.92 cm) length.
3.2.2 Cut the1/3 of the 1-1/2” (3.81 cm) PVC pipe lengthwise to establish a U-shaped trough.  This  step requires two cuts along the pipe length to create a trough.
3.2.3 Place the cut PVC pipes from step two onto each shelf so that one end is inserted  into the T joint of the main vertical return. Using the string/wire previously inserted  through the hole in the support bracket, secure the other end of the cut PVC pipes so that  it slopes gently down towards the T joint of the vertical return. You should be Aaimming for a 1.5 to 2° degree slope  down to the T joint of the main vertical return.
3.2.4 Optional - Put a cap onto the cut 1-1/2” (3.81 cm) tank return PVC pipes to
 prevent  accidental backflow out of the system.

4.A Assembling the sump basin
The sump basin limits fluctuations in conductivity, pH, nitrate/nitrite levels, and temperature by acting as a water reserve (Figure 1A). Multiple stages of filtration also occur at the sump basin.
4.1 Position sump basin under the assembled rack. Ensure There should be an allowance of about 5-5/8”
(14.29 cm) above the basin and below the first shelf. The sump basin should protrude slightly from the shelf so that the vertical return pipe overhangs it to bring tank water back to the sump basin.
4.2 Place two foam filters into the sump basin and attach a 2-1/2’ (76.2 cm) length of the 0.17” (0.43 cm) clear vinyl tubing. The tubing’s free end will be connected to the air pump later.

4.3 Place the assembled canister filter intake tube against one of the legs that is adjacent to the sump basin.
4.4 Place the canister filter out port against the other leg of the system that is adjacent to
 the sump basin.
4.5 To install the ultraviolet (UV) light sterilizer, the out-port line of the canister filter must
 feed into the UV light sterilizer to force particulate free water through the UV sterilizer.
4.6 If the ambient room temperature will not be maintained at a constant 28.5°C, needed, add a
 submersible heater to the sump basin. This should be done if the ambient room temperature will not be maintained at a constant 28.5°C A second heater may be needed depending on the
ambient temperature of the room, and to act as a failsafe against failure of a single unit.
4.7 Position the water pump into the sump basin so that the pump aligns with the support
 bracket of the tank return system. 
5. Sump Maintenance and Troubleshooting
	Routine system maintenance should be performed regularly to ensure stable water quality and long-term system function. System water conductivity should be maintained between 600-800μS/cm. Pure water should be added to the system if conductivity measures too high and a small amount of salt should be added if conductivity measures too low. The system conductivity should be re-measured after any adjustments to confirm stabilization. System pH should be maintained between 7-8, with minor adjustments using sodium hydroxide when necessary. Chlorine should not be found within the system. If chlorine is detected, water should be partially removed and pure water should be added. Nitrate levels should be monitored and maintained at low levels through partial water changes as needed. System temperature should be maintained between 26-28℃
	System filters should be cleaned every three months. Filters should be turned off and disconnected. The components should be cleaned in the sink using tap water with the exception of the filter beads, which are soaked and scrubbed exclusively in pure water. Filters should then be refilled with pure water, reconnected, and normal water flow can be resumed.
5. Assembling the main water supply line (Figure 1A, F)
The main supply line is able to be built and broken down quickly for cleaning due to a lack of adhesives. To avoid leakage, all vinyl tubing can have hose clamps attached. These can be added after starting up the system for the first time and assessing for leaks.
5.1 Cut a 3/4 ¾” (1.905 cm) vinyl tubing to 10” (25.4 cm) length and connect it to the pump.
5.2 Connect a 3/4¾” x 3/4 ¾” x 1/2 ½”“ (1.905 cm x 1.905 cm x 1.27 cm) T coupler to the tubing.	 Position the T coupler The T coupler should be positioned below the first shelf but above the lid of the sump basin.n 
5.3 Cut a 3/4¾” (1.905 cm) vinyl tubing to 14-1/4” (36.195 cm) length and connect it to the T  from step 5.22. 
5.4 Join another T coupler to the tubing from step 5.3. Place this T coupler The T coupler should be placed slightly slightly below	 the second shelf and oriented to the far side of the sump basin.
5.5 Cut a 3/4¾” (1.905 cm) vinyl tubing to 14-1/2” (36.195 cm) length and fasten it directly	 to the other end of the T coupler from step 5.44.
5.6 Connect another T coupler to the tubing. Place tThe T coupler should be placed slightly below the second	 shelf and oriented to the far side of the sump basin.
5.7 Cut a 3/4¾” (1.905 cm) vinyl tubing to 14-1/2” (36.195 cm) length and fasten it directly	 to the other end of the T coupler from step 5.6.
5.8 Connect another T coupler to the tubing. Place tThe T coupler should be placed slightly below the second	 shelf and oriented to the far side of the sump basin.
5.9 Cut a 3/4¾” (1.905 cm) vinyl tubing to 14-1/2” (36.83 cm) length and fasten it directly to  the other end of the T coupler from step 5.8.
5.10 Connect the 3/4¾” (1.905 cm) to 1/2½” (1.27 cm) reducing elbow with 1/2½” (1.27 cm) male adaptor to  the tubing. Seat tThe reducing elbow and male adaptor should be seated on the top surface of the fourth  shelf. The elbow and adaptor will connect to the vinyl pressure release line, which runs  back down to the sump.

A6. Assembling the pressure release line (Figure 1A, Left panel)
6.1 Cut a 5/8” (1.5875 cm) vinyl tubing to 3” (7.62 cm) length. Connect it to the 1/2½” (1.27
cm) male adaptor at the top of the shelf.
6.2 Connect one of the ball valves to the other end of the tubing from step 6.1.
6.3 Cut a 5/8” (1.5875 cm) vinyl tubing to 7’ (213.36 cm) length and connect to the free
 fitting from step 6.2.
6.4 Thread tubing across the top of the rack and then back down into the sump basin
 along the leg of the housing rack.
6.5 To hold the tubing in place along the leg of the housing rack, use fastening straps.

7. Assembling the tank water supply lines (Figure 1E)
The tank water supply lines carry water from the main supply line to the individual tanks.
7.1 Cut three pieces of 5/8” (1.575 cm) vinyl tubing to 2.5” (6.35 cm) length. Connect each
 to one of the three free T couplers coming off of the main water supply line.
7.2 Connect a ball joint to each of the three free ends from step 7.1.
7.3 Cut three pieces of 5/8” (1.575 cm) vinyl tubing to 2.5” (6.35 cm) length and attach to
 the free end of each of the three ball joints.
7.4 Connect a 5/8” to 3/8” (1.5875 cm to 0.9525 cm) reducer to the 5/8” (1.5875 cm)
 tubing from step 7.3.
7.5 Cut three pieces of 3/8” (0.9525 cm) tubing to 2-1/4” (5.715 cm) length. Connect to
 the reducer from step 7.4.
7.6 Connect a 3/8” (0.9525 cm) nylon T coupler to each tube from step 7.5.
7.7 Cut six pieces of 3/8” (0.9525 cm) vinyl tubing to 2” (5.08 cm) length. Connect to the
 T joints from step 7.6.
7.8 A hose clamp can be attached to each of the six pieces from step 7.7.
7.9 Slip a steel aquarium valve onto each of the available ends from step 7.7. Tighten hose
 clamps onto the steel aquarium valve.
7.10 Secure the steel aquarium valve to the shelf above it with fastening straps.
7.11 Cut 0.17” (0.4318 cm) vinyl tubing to the appropriate length to reach each of your
 tanks.

8. Preparing the system for operation
The subsequent steps must be taken to ensure the health and survival of fish to be housed on the system. This process must occur at least a week in advance of adding fish to the system.
8.1 Prepare the system water as has been well described 9.
8.2 Join the two bio sponge filters through the two free ends of the tubing to the air pump.
8.3 Make sure that all of the ball valves are in the suitable orientation. Close all of the ball
valves All of the ball valves should be closed except for the pressure release valve at the top of the system. To prevent significant pressure accumulation, this valve should currently be open.
8.4 .It is recommended to contact your IACUC representative to ensure electrical compliance prior to proceeding. Electrical connection considerations include:
8.4.1 Use of GFCI outlets for all electrical components.
8.4.2 Use of power strips to prevent damage to equipment in the case of power
surge.
8.4.3 Ensuring that power strips are elevated above the highest point of the 
system to minimize the chance of accidental introduction of system water.
8.4.4 
8.4.5 Utilize drip loops for all cords to minimize the risk of water traveling along
cords to the power sources.
8.5 Turn on the pump and check system for leaks.
8.6 If leaks occur, hose clamps can be added to each leaky junction.
8.7 Turn on the canister filter and ensure water flow is occurring. Be sure that the water
intake for the canister filter is at the bottom of the sump. In case of serious system leak,
the pump will automatically turn off before the entire system empties. By having the filter
intake at the bottom, water will continue to circulate through the pump saving it from
damage.
8.8 Turn on the UV sterilizer immediately before adding fish to the systemonly after the canister filter is running.

9. Routine Maintenance
9.1 For optimal housing, check and adjust each of the following items daily:
 		9.1.1 Keep conductivity between 600 and 800 μS/cm.
		9.1.2 Keep pH between 7-8.
		9.1.3 Maintain water temperature of 28.5°C.
		9.1.4 Ensure that ammonia levels equal zero.
		9.1.5 Ensure chlorine is not present.
		9.1.6 Keep nitrate levels below 50 mg/L. 
		9.1.7 Ensure water is moving through pressure release 
line.
		9.1.8 Ensure water is flowing into and out of each tank on the system.
		9.1.9 Ensure water is flowing through the filter system.
		9.1.10 Be sure that the UV sterilizer bulb is on.
		9.1.11 Maintain water levels. If no matings or water exchanges are taking place,
the system will need 
roughly 10 gallons of water added weekly due to
evaporation. This volume will vary based on ambient room temperature and mating frequency.
9.2 Monitor each of the following items weekly:
9.2.1 Check the flow of water through the tank water supply lines. Salt can build within the 
steel aquarium valves reducing water flow. A pipe cleaner can be inserted into the 
blocked valve to clean the salt buildup.
9.2.2 Water levels and water exchanges need to be addressed. If water is not being removed from the system routinely (such as during matings)
, it is 
important to exchange roughly 30% of the system water if ammonia levels rise or 
nitrate levels become unsafe. 
9.2.2.1 Fill a bucket or other large container with system water using the
water exiting the pressure release line. You may need to remove the straps holding it against the leg of the housing rack. 
9.2.2.2 Dump the collected water into a sink drain and repeat the process until roughly 30% of the water in the system (tanks plus sump) has been removed. 
9.2.2.3 Add new RO or dechlorinated tap water to the system, bringing the water level up to a couple of centimeters from the top of the sump.
9.2.2.4 Adjust conductivity and pH. We recommend formulating a 
standard addition of salts/pH modifiers per liter of water added to the system based on the water used within your own facility.
9.2.3 Remove mulm using a standard turkey baster weekly. 
	
9.3 Check each of the following items monthly: :
9.3.1 Canister filter cleaning. 
9.3.1.1 Unplug the canister filter.
9.3.1.2 Unplug the UV sterilizer. It is important to turn off the UV sterilizer while the filter is not running to prevent overheating of the UV light.
9.3.1.2 Replace system filter pads and charcoal every three months 
when fully stocked with fish. 
9.3.1.3 Manually clean the canister filter components using tap water 
and clean sponges with the exception of the bio beads, which are soaked in RO water (or dechlorinated tap water).  
9.3.1.4 Refill the canister filter with RO (or dechlorinated tap water) 
water following the manual cleaning and filter replacements, and then reconnected to the system. 
9.3.1.5 Ensure consistent flow through the canister filter is occuring 
before turning on the UV sterilizer or leaving the facility. In our experience, small air bubbles can be introduced during the cleaning process. These bubbles stop flow through the filter even after a steady flow has been initially established. If after 5 minutes of filter flow no disruption has occurred, it is safe to assume the filter is running properly.
9.3.2 Bio sponge checking should occur every month. Replace every 4 to 6 
months depending on the density of adult fish on the system.
9.4 Perform each of the following maintenance items yearly:
9.4.1 Full system cleaning. Once per year the entire system is turned off and
disassembled. All components are manually scrubbed using standard laboratory
brushes. Soap is never to be used on any component.
9.4.2 Sump cleaning. Use a turkey baster to remove any accumulated mulm from
the bottom of the sump. A brush can be used to gently remove buildup from the
sides and bottom of the sump. The “sediment” should then be removed using the
baster. 

10. Common troubleshooting
10.1 If small leaks are observed along the tank water supply lines, utilize ring clamps at the leaking junction.
10.2 If water flow through the tank supply lines is reduced, use a pipe cleaner to remove salt buildup within the steel aquarium valve. The valve must be open during the cleaning.
10.3 Mulm can accumulate on the bottom of tanks due to overfeeding or lack of water circulation. Use a turkey baster to remove excess buildup from the bottom of all tanks and reduce the amount of food per feeding.
10.4 Rapid or excessive algae buildup within the system may be observed. Placement of lights and excess food can both contribute to algae growth. Ensure overfeeding is not occurring and adjust lighting brightness to slow algae growth.
10.5 Water is not flowing through system. We have found that following power surges, the magnetic motor on the pump can become misaligned causing water flow to cease. Unplug the pump from power, remove the magnetic motor and reinsert it, making sure to realign it. 
10.6 The canister filter is not moving water following filter pad changes. Be sure to manually prime the pump until water flows freely again. 
10.7 Fish are not mating efficiently. Ensure that both feeding and water quality are optimized. Dips in the pH of the water cause mating efficiencies to drop dramatically. 
10.8 Water quality fluctuates greatly during water exchanges. This can occur when large volumes of fresh water (RO or dechlorinated) are added all at one time. To minimize fluctuations, we recommend adding fresh water first to a dedicated 5-gallon (18.9 L) container and adjusting the pH prior to being introduced into the sump. We do not, however, recommend adjusting conductivity prior to sump addition. 
10.9 The pump has died and water is not moving through the system. If water quality has been maintained appropriately, the fish will have no issues without water circulation for 48 hours or more. However, it is important to reduce feedings to once a day during this time. If a lack of water circulation lasts greater than 48 hours, we recommend manually removing a volume of 1/3 of the tank volume and replacing with water from the sump.
10.10 The canister filter has died and filtration is not occurring. Assuming water quality has been maintained appropriately, the fish will have no issues without filtration for up to a week. We recommend reducing feedings to once a day, and testing water quality every day until filtration resumes. If water quality drops, it is important to perform a water exchange.

11. Additional considerations
As with any recirculating housing system, the health of the fish is dependent upon 
consistent filtering of system water and recirculation of the water throughout the tanks. As component failure can compromise both filtration and recirculation, we recommend always having a backup water pump, canister filter (or just a second motor for the canister filter), and a submersible water heater on hand.









REPRESENTATIVE RESULTS: (Instructions) 
[bookmark: _Hlk220846317]The protocol presented here will create a three-level recirculating zebrafish housing system  (Figure 1). When paired with our previously published modular zebrafish tank design10,  the system can easily accommodate 30-36 individual tanks, with each large tank capable of holding ~40 fish at a density under 10 adult fish/liter.1. In total, the housing system can hold over 1,200 adult zebrafish with a small overall footprint (~ 5’ x 7’) (~1.52 m x 2.13 m). Because of the multiple stages of filtration along with the adjustable tank flow rate, larvae can be placed onto the system as early as 7 days post fertilization and be successfully reared to adulthood, without the need for a separate larval nursery system. To achieve this, larvae should be stocked and fed as has been extensively detailed1. As our system recirculates the system water, the user is able to minimize the buildup of toxic waste byproducts by adjusting flow rate into and out of each tank. If full toAt capacity with our previously established tank design (36 large tanks), the system will contain roughly 340 liters of water including the water in the sump basin. The canister filter attached to the UV sterilizer will clarify and filter roughly 567 L/h which equates to 1.67 full system filters per hour at maximum system volume (Figure 2A). When fully stocked with our modular tanks (36 tanks), the water pump is able to achieve a recirculation rate of ~20 L/h through each individual tank. This is equal to about 4 hourly water exchanges for each large tank and 9 hourly water exchanges for each small tank (Figure 2B), far . greater than the recommended minimum water exchange rate of 8-10%12.
	Another advantage of the system is the ability to maintain stable water conditions. Using our weekly conductivity log, we found that conductivity (measured with a TDS Meter) remained relatively stable through time, such as conductivity (measured weekly over the past year using a TDS Meter) (Figure 3A). To determine the daily fluctuations in water quality due to normal system operationoperation, we measured nitrate, nitrite, ammonia, and conductivity of the sump once in the morning, daily, over a three-week period using standard aquarium testing strips. At the time of the assessment, our system had 25 tanks and approximately 800 fish (a mix of both juveniles and adults). During this time, we fed twice a day, a morning feed of flake + zebrafish complete diet, and an evening feeding consisting of flake and brine shrimp. As a lab, we target sump conductivity to be roughly 800  𝜇𝑆/𝑐𝑚us/cm.  There were some daily fluctuations in conductivity over the three-week period that corresponded with weekly water exchanges,. but conductivity stayed within the 600-1000 𝜇𝑆/𝑐𝑚 range, which is safe for the zebrafish (Figure 3B).131. Neither ammonia nor nitrite was detected during the assessment (Figure 3C). Nitrate levels fluctuated between 0-50 mg/L, which also corresponds with safe levels (Figure 3C).131. Lastly, we looked at reproductive success during the same three-week period. In this time, six matings (with a total of 18 mating pairs) which included both AB wild type and transgenic lines (tg:Mpeg1-mCherry and tg:Lyz-eGFP) between 9 months and ~2 years of age  occurred. Of the 18 total mating pairs, roughly 70% were successful (11/18) (Figure 3D). The average clutch size for each successful mating pair was approximately 150 embryos, with a survival rate of those embryos being about 70% at 1 day old (Figure 3C and 3D). 
 

FIGURE AND TABLE LEGENDS: (Instructions)
Figure 1. Zebrafish housing recirculation system. (A) The diagram on the left provides an
overview of the system design. The photo on the right shows the system fully assembled with
exception of the third shelf from the bottom. (B) Shows the vertical water return system. (C) Fish tanks shown in proper orientation over the water return pipe. The water return pipe brings tank water back to the vertical water return system. (D) Shows the water return pipe attached to the support bracket on the left side with a gentle slope towards the T joint of the vertical return. Arrow indicates fastening point of the water return pipe to the support bracket. Star indicates the insertion of the water return pipe into the T joint of the vertical return. (E) Coming off the main water supply line will beis a ball valve which will regulates the flow into the stainless-steel aquarium valve (see also triangle in panel D). (F) Shows the main water supply line running vertically through the housing rack (see arrows). One end is attached to the pump found within the sump basin at the bottom and the top is attached to the pressure release line which runs on top of the rack and then back down into the sump along the leg of the rack.
Figure 2. Tank and filter recirculation. (A) Illustrates the recirculation rate for the system. Water is brought to the sump through the system, into the canister filter then into the UV light sterilizer and back into the sump. When filled to ~340 Liters90 total gallons (including tank volumes), the entire system will be filtered 1.67 times every hour. (B) Illustration shows the water circulation rates for the previously published tank designs. For the small tank (2.2L), the water recirculates the entire volume of the tank 9 times every hour. For the large tank (5L), the entire volume of the tank is recirculated 49 times every hour.
Figure 3. Water quality stability and expected mating efficiency. Water conductivityquality was assessed weekly over a one yearone-year period for A) conductivity (n=54 readings), and B) over a 21 day21-day period by checking for measuring once daily doe ammonia, nitrites, nitrates, and conductivity. B) Conductivity stayed within the healthy range for the duration (600-1000 μS/cm). For ammonia, nitrites, and nitrates, we separated the readings into low, medium, or high readings. No ammonia was detected during this timeframe, and was not included in the graph. C) Nitrites remained in the low category each day. Nitrates stayed in the low category for 18 of the 21 days tested and tested in the medium range 3 times, though this still corresponds within the safe range for zebrafish. Mating success was also assessed over the 21-day period, with six mating events performed totally a combined total of 18 mating pairs. Matings included both wild type and transgenic zebrafish, with all mating data pooled. D) Of the 18 mating pairs, 11 successfully mated, with a 24 hour24-hour embryo survival of nearly 70%. E) The average clutch size for those matings that were successful was ~150 embryos. D) For nitrite categories, low = 0 mg/L, medium = 1 mg/L, high = >1 mg/L. For the nitrate categories, low= 10-25 mg/Ll, medium = 25-50 mg/L, high = >50 mg/L (Both low and medium are in the safe range).

DISCUSSION: (Instructions)
The recirculating housing system described herein can be constructed in total for under $1500. The yearly cost is estimated to only be $75 assuming no major component replacements are needed, with all components available through local and online retailers.  No special tools or skills are needed in order to complete the construction of thisis project, which makes it accessible for anyone tomost to assemble, though it is essential to modify the lengths of materials if not using the exact metal stand utilized in the protocol described here.. No harmful chemicals or adhesives are used to assemble the system either, which keeps maintenance and construction simple. The system can be dismantled, cleaned, and reconstructed in an hour. In addition, because of the ease of dismantling and reassembly, the entire system can be moved from one space to another, or even modified to accommodate fewer or more tank shelving levels to suit the need of the laboratory. We have also found the system durability to be quite robust. In our nine years of running the system, we have had to replace the main pump once, the canister filter once, and have replaced five submersible heaters. The lack of chemicals and adhesives also keeps the zebrafish safe from significant deleterious factors. 

Our In our experience, the housing systemdesign also provides adequate water recirculation for rearing juvenile zebrafish and maintaining healthy, breeding, adult zebrafish (Figure 2). Other published systems describe using gravity as a way to bring fresh water to the tanks at a consistent rate.8, 9. OurSome models allows the flow rate to be modifiedchanged, allowing the rate to be increased or decreased depending on the tank’s needs.8. For instance, water can be introduced at a slow drip when rearing young juveniles. This flow can then be increased as the juveniles develop towards adulthood.Models that have a low water flow rate will have poor circulation. Uneaten food and wastes will build up in the bottom of the tank, leading to an increased concentration of nitrate/nitrite and ammonia. We have found biological waste buildup to prove lethal for developing juvenile zebrafish. As such, having the ability to adjust flow rates was a key consideration of this build. While our system does suffer from minor accumulation of mulm, we find that accumulation occurs very slowly and can be quickly removed with weekly maintenance. We have had the system stocked at peak with 30 adult tanks housing nearly 1000 adult zebrafish. Even at this heavy housing density, we were able to continue performing multiple experimental matings a week while maintaining water quality.  Our design maximizes recirculation of water, yet because of the ball valves and water distribution baffles, can be adjusted to fit the needs of each individual tank. For instance, water can be introduced at a slow drip when rearing young larvae. This flow can then be increased as the larvae develop towards adulthood.
Our system is easy and inexpensive to maintain and construct making it possible to move it quickly from one location to another. We envision this being useful for those who might not be able to have a long-term zebrafish facility, but will want a system periodically for classroom usage. The simplicity of the design also allows it to be reconfigured, and expanded, again fitting the needs of the individual user. While our design is for a three-tiered rack, the system can easily be modified to utilize only a single tier, or expanded to accommodate an additional level of tanks. We believe that the simplicity and quality of the system make it an attractive housing option for a wide range of users and represents a major step forward towards increasing the accessibility of the zebrafish model system.In our hands, the most important aspect of long-term housing of zebrafish on our system is performing routine system maintenance. We prefer our system water conductivity to be maintained between 600-800 μS/cm. We utilize only RO water in our system, but de-chlorinated tap water can also be utilized. RO water will require more frequent salt additions than tap water, so conductivity should be measured multiple times a week with adjustments (adding RO water or salt) made as needed. The system conductivity should be re-measured after any adjustments to confirm stabilization. System pH should also be measured at least once a week and maintained between pH 7-8, with minor adjustments using a weak base or acid when necessary. In our experience, system water tends to move towards a more acidic environment over time, and thus we find routine base additions are needed in order to keep the pH in the optimal range. Ammonia and chlorine should never be found within the system. If either is detected, a water exchange of roughly 30% should be conducted using  dechlorinated water. Weekly water exchanges must continue until ammonia and chlorine are no longer present. Nitrate levels should also be monitored and maintained at low levels through water exchanges as needed. Our system is used for research purposes and matings occur roughly 2-3 times a week. Each mating event involves the removal of multiple gallons of water from the system. As such, water exchanges only occur, in our system, when nitrate levels begin to increase. However, at maximum housing density (roughly 1200 adult fish), weekly water exchanges should become part of the normal housing maintenance routine. 
Temperature control is an extremely important consideration for any housing system. If possible, we recommend assembling the housing rack in a temperature-controlled room. However, we have also used submersible water heaters to maintain consistent water temperatures. When using water heaters, it is important to measure the temperature of the water in the tanks rather than the sump. We also recommend having more than one submersible heater running at a time to minimize the consequences of a heater failing, as they are the most common component of the system to fail. While we currently maintain the room temperature at a steady 28.5°C, we used submersible water heaters for the first four years of operation in a room that fluctuated temperature wildly. Even then, water temperature was maintained in adult tanks by utilizing maximum water circulation rates. However, in larval tanks with reduced water circulation during development, water temperatures are difficult to maintain when ambient room temperature is low. While colder temperatures were tolerated during development, we would often see shifts in development towards clutches of mostly female fish. The addition of space heaters to the room to raise ambient temperature helps with this issue.
	We have also found that developing routine cleaning schedules and filtration checks are important for maintaining optimal water quality within the system. Following the canister filter maintenance (protocol section 9) is an absolute requirement for maintaining the performance of the system. When filtration is occurring properly, water quality remains within a healthy range and cleaning is needed less frequently. We have found that cleaning schedules for the housing rack to depend on both the physical conditions of the room in which the system is maintained along with the density of fish on the system. In our current system which is stocked at roughly 70% of maximum density (800 adult fish) and at an ambient room temperature of 28.5°C, we have found our suggested maintenance schedule to effectively maintain housing conditions. However, it should be noted that green algae will accumulate within the system in between routine cleanings. Additional cleanings are not typically needed unless for aesthetics as the green algae accumulations are not harmful to the fish.
In summary. our system is easy and inexpensive to maintain and construct thus making it accessible to smaller laboratories. Our own housing system has moved in and out of multiple rooms over the past nine years, and has housed zebrafish of all developmental stages during the entirety of this time span. In our experience, when properly maintained, water quality remains relatively stable yielding healthy adult zebrafish populations. While our system is optimized for those seeking consistent mating of adult zebrafish, its quick disassembly and reassembly could be useful for those who might not be able to have a long-term zebrafish facility, but will want a system periodically for classroom usage. We measured the noise of the housing room to be roughly 60 dba for our system. With a few simple modifications such as adding a polystyrene foam as a lid to the sump would dramatically reduce the noise of the system, making it an attractive option for use directly within a classroom setting. The simplicity of the design also allows it to be reconfigured, and expanded, again fitting the needs of the individual user. While our design is for a three-tiered rack, the system can easily be modified to utilize only a single tier, or expanded to accommodate an additional level of tanks. We believe this system may also be useful as a quick and inexpensive option for established zebrafish researchers looking for an inexpensive way to quarantine fish. Together, the simplicity and quality of the system make it an attractive housing option for a wide range of users and represents a major step forward towards increasing the accessibility of the zebrafish model system.
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